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ABSTRACT 
Spin-stabilised control was a pioneer spacecraft control method before a three-axis 
stabilised control was widely used. Spin-stabilised spacecraft, or spinner, uses this 
simple but robust method in controlling or manoeuvring the body in the microgravity 
environment. Surrey Space Centre (SSC) is currently spearheading the research in this 
area for a prolate shape spinner as a result of its involvement in the Moon Lightweight 
Interior and Telecoms Experiment (LITE) surface penetrator mission development 
funded by Astrium. The penetrator is a missile-shaped spacecraft used for delivering 
required mission equipment to the subsurface of the intended planet or celestial body. It 
is spin-stabilised after release from the orbiter before it is slewed to achieve a desired 
angle while free falling to the surface. 
 The work described in the thesis is the ongoing development of the slew 
control algorithms by SSC as mentioned above. State-of-the-art algorithms have been 
developed, namely the Half-Cone (HC) derived family and pulse-train family. These 
algorithms have been proven theoretically, but implementation in a real-time mission is 
yet to be done, except for the Rhumb Line slew control. In particular, this thesis 
addresses the issue of the asymmetric shape of the developed prolate spacecraft where, 
in theory, it has been assumed as perfectly symmetric. Three new algorithms based on 
the HC-derived family that consider this asymmetric factor are discussed. The 
significant improvement made by these novel algorithms is the mass reduction of the 
final residual nutation in an average of one tenth of the current algorithm. Further 
analysis is done to these new algorithms in terms of accuracy, energy efficiency, slew 
time, the effect of thruster response time and gravity. The performance of these new 
algorithms in controlling an extreme asymmetric case is described first before it is 
applied to a common prolate-shaped spacecraft. An attempt to develop a testbed is also 
discussed within the work. 
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1 INTRODUCTION 
The study of celestial bodies within the solar system and beyond has been one of the 
main objectives for space exploration in recent years. The development of the 
International Space Station (ISS) itself is the medium used to realise a manned mission 
to these celestial bodies [1] with Mars, which is currently under the focus. Before any 
manned or un-manned mission can be sent, studies need to be carried out in order to 
determine the kind of environment that these missions will be sent to. 
 One of the studies needed is to investigate the terrain of these celestial bodies. 
The profile of its regolith, the layers covered by it, the composition of the soil and the 
seismic behaviour are among the data needed for this study and this can be obtained by 
sending probes to the targeted body. 
 One of the methods used for this purpose is to send a hard lander or a 
penetrator to penetrate the surface of the targeted celestial body. This penetrator will 
bury itself underneath the surface due to the hard landing mechanism, while sensors on-
board will acquire the needed data and send it back to be analysed and concluded. A 
penetrator is a missile-shaped probe that is launched on-board an orbiter and it is spin-
stabilised before it hits the target. Examples of such missions are the Moon Lightweight 
Interior and Telecoms Experiment (LITE) [2,3], Lunar-A [4], NEO-Shield asteroid 
deflection mission [5] and the former planetary joint mission between NASA-ESA, 
which was known as Europa-Jupiter System Mission (EJSM) and currently 
reformulated as JUpiter ICy moon Explorer (JUICE) [6]. 
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1.1 Scope of research 
As mentioned above, spin-stabilisation is the method used to control the attitude of the 
penetrator. Within the mission timeline, the penetrator is needed to be slewed to the 
direction where it will be in a normal angle to the targeted surface. The research is 
performed to improve the state-of-the-art algorithms that are used to slew the penetrator, 
which is prolate in design and utilises a single-thruster configuration aiming for a low-
cost and simple solution. 
 Families of algorithms have been developed in [7-11] to serve this need. 
However, the research presented here is a new approach to some of these algorithms to 
suit a more realistic condition of the penetrator’s physical properties. The algorithms 
can not only be used by the penetrator, but also for other spin-stabilised spacecraft with 
the same physical characteristics. Examples are the control of the upper stage booster 
for launch vehicles such as the Minatour-V [12] or the Communication Technology 
Satellite (CTS) by Wertz [13], which was built and operated by the Canadian 
Department of Communications and launched by NASA in 1976. These algorithms are 
highly relevant for a future space mission as it will be developed within the constraints 
of a low-cost, simple control mechanism and low weight aim for a smaller spacecraft. 
As mentioned in [14-17], the interest in this under-actuated control strategy that lead to 
the development of a low cost control algorithm has increased in recent years 
1.2  Motivations 
The state-of-the-art algorithms are yet to be used in a real space mission except for the 
Rhumb Line (RL) slew controller, which has its own heritage [10]. In theory, analyses 
have been done and the performance has been measured and concluded for the existing 
algorithms [18,19]. However, for a real-time application, several factors need to be 
considered before the algorithms can be further validated. 
 Therefore, a testbed is developed, real-time requirements are analysed and 
some algorithms will be improved by taking into consideration the physical property of 
the prolate-shaped spacecraft. The experimental approach is needed via the testbed not 
only to analyse the behaviour of the spinning spacecraft, but also to explore the 
hardware limitation that contributes to the performance of the algorithms in real time. 
 Finally, by way of observation and analysis of the state-of-the-art algorithms, 
new algorithms are made to accommodate the identified gap. 
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1.3 Aims and objectives 
The research aims at: 
• providing a real-time platform for observing the behaviour and the limitation of 
the prolate spinning body and the hardware platform in aiding in the 
development of a new or enhanced slew control mechanism for prolate 
spinners; and 
• providing analytical studies and concluding the outcome of the improved slew 
control algorithms to be used in the real-time implementation. 
 
Therefore, the main objectives to achieve these aims are: 
• to assess the limitations of the existing testbed, propose solutions and develop a 
new testbed; 
• to conduct the experimental approach in verifying the state-of-the-art 
algorithms; 
• to study the current state-of-the-art single-thruster based algorithms and 
identify the gap within the scope of real-time implementation; 
• to derive and propose the enhanced algorithms in order to close the identified 
gap; and 
• to carry out analytical studies on the performance of proposed novel algorithms 
and compare them with the state-of-the-art algorithms via software simulator. 
1.4 Research novelty 
The novelty of the research proposed here is the introduction of three novel algorithms 
based on a half-cone derived family that tackle the issue of asymmetricity of the 
spinning spacecraft. These algorithms are derived from the same method of eliminating 
the dependency on the value that is calculated on the assumption that the spinning 
spacecraft is ideally symmetric. The inclusion of the asymmetric factor to the 
algorithms produces a better output to the spacecraft final attitude. The analytical 
studies to compare the performance of the new algorithms with the current state-of-the-
art algorithms have also been done. The performance in terms of accuracy and stability 
of the final attitude is first assessed. The analysis is then followed by the performance of 
both algorithms in terms of the energy efficiency, the time needed to complete the slew, 
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the thruster response time and the influence of gravity as these factors are related to 
each other. 
1.5 Structure of thesis 
This thesis is organised in chapters as follows: 
Chapter 2 describes the literature survey that had been carried out for this research 
work. The overview of the developed slew control algorithms, the gap in the current 
algorithms for real-time implementation and other related developments are discussed in 
this chapter. 
  The new algorithms are proposed in Chapter 3. The mathematical background 
of the algorithms is justified and the feasibility of implementing these algorithms is 
discussed. The analytical studies of these algorithms are also carried out. In this 
analysis, the study in terms of the accuracy, fuel consumption and slew time are made 
and compared to the current state-of-the-art algorithms. A new simulation method is 
also conducted for the algorithms. The inclusion of thruster response time and gravity 
influence are made in the new simulation and analysis using MD Adams [31]. 
 Chapter 4 describes the design stage of the new testbed. It starts with the 
survey carried out on the current testbed trend and its potential environment. Having 
this survey, the design concept of the testbed is listed and the trade-off analysis is 
performed. This chapter also describes the development and testing done to the 
developed testbed. The testbed design is presented and the development work is 
described. Finally the outcome of the preliminary testing, the testbed’s disturbance 
torque profile, and a discussion of the identified drawbacks of the algorithms’ real-time 
operation are discussed. 
 Chapter 5 draws conclusion on this research and provides recommendations 
for future work. 
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2 REVIEW OF EXISTING 
SINGLE-THRUSTER SLEW 
CONTROL ALGORITHMS FOR 
SPINNER 
This review will start with an overview of the current state-off-the-art algorithms. The 
analysis that has been done in [18,19] will be discussed and the gap that arises within 
these algorithms for a real-time implementation will be highlighted. 
2.1 State-of-the-art algorithms without feedback 
Spinners slew control has a different control strategy compared to the three-axis 
stabilised spacecraft. The important factor to be taken into account is the timing and/or 
the torque direction for the spacecraft to be actuated. Compared to the slew control of 
the three-axis stabilised spacecraft that utilised a closed-loop control strategy, slew 
control for the spin-stabilised spacecraft is an open-loop control system with all 
actuating torque and times calculated initially. It is simply the exploitation of the 
reaction of the spinning body when a torque is applied to it. A precession occurs as the 
reaction to this and another torque, or series of torques, are then applied to complete the 
slew. 
 Various state-of-the-art slew control algorithms have been developed to exploit 
this condition. The basic control behaviours of these algorithms can be classified into 
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two main groups: the half-cone derived family and the pulse-train family [5,6]. Figure 
2-1 shows the list of developed algorithms that belong to these two mentioned classes. 
SPINNER SLEW CONTROL 
ALGORITHMS
Pulse-Train FamilyHalf-Cone Derived Family
Half-Cone (HC) [5,6]
Multi Half-Cone (MHC) [5,6]
Dual Half-Cone (DHC) [5,6] *
Extended Half-Cone (EHC) [5,6] *
Sector Arc Slew (SAS) [7] **
Multi Sector Arc (MSA) Slew [5-7] ***
Rhumb Line (RL) Slew [8]
Spin-Synchronised (SS) 
Slew [5-6]
* Developed by SSC
** Developed by Astrium
*** Developed by SSC & Astrium  
Figure 2-1: Spinners’ slew control algorithms 
As shown in Figure 2-1, eight slew control algorithms have been developed; six of the 
control algorithms belong to the half-cone derived family, while the rest belong to the 
pulse-train family. Interpreting from the name, the algorithms in the half-cone derived 
family are derived from the half-cone manoeuvre made by the controlled spinning body. 
It will precess after a torque is applied during its pure spin and an opposite torque is 
then applied during the movement to stop it from precessing. This manoeuvre creates a 
trail of movement that looks like a half-cone, hence the name “half-cone”. 
 The pulse-train family, on the other hand, is named after the pulses of torque 
that are applied to the spinning body. These series of pulses are triggered and applied 
uniformly until the intended slew angle is achieved. The following figures show 
examples of the control algorithms from both families. These figures have been taken 
from a snapshot of the video produced by the Surrey Space Centre (SSC) to better 
understand the algorithms [20]. 
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Figure 2-2: HC slew movement trail [20] 
 
Figure 2-3: RL slew movement trail [20] 
 In these Figure 2-2 and Figure 2-3, the brown trail is the spin axis trajectory for 
the spinning spacecraft throughout the manoeuvre with the initial attitude of the 
spacecraft pointing towards zenith of the Mercator plot. The blue trail refers to the 
movement of the angular momentum with the blue ‘x’ refers to its location when 
torques are applied using the thruster. Both manoeuvre depicted from a spinning 
spacecraft with a pure spin initially. 
 For Figure 2-2, a thrust is introduced at the beginning of this manoeuvre, 
normal to the spinning axis that will drive the angular momentum towards the 
intermediate location marked as the blue ‘x’. The spacecraft will precess around this 
Inclusion of Asymmetric Properties in the Single-Thruster Open-Loop Slew Control Algorithms for Prolate 
Spinning Spacecraft 
8  Abadi Chanik - November 2017 
intermediate angular momentum and when the spinning axis of the spacecraft is at the 
targeted location, another thrust is introduced with similar magnitude as the initial but 
opposite in direction. This will make the angular momentum to shift to the targeted 
location from the intermediate position. 
 A slightly different mechanism is used for the manoeuvre shown in Figure 2-3, 
where the series of thrust is produced throughout the manoeuvre compare to a pair of 
thrust for Figure 2-2. For this RL manoeuvre, an additional sun sensor is needed where 
the thrust will be produced when the sun vector is in view by the sun sensor. The sun 
sensor is mounted on the spacecraft and will rotate as the spacecraft spins. The resulting 
motion is the angular momentum that is placed in a straight line that will produce a 
constant heading angle [8]. 
 The literature review done for the slew control algorithms in this thesis will 
focus mainly on the result of the trade-off and robustness analysis that has been done. 
By including this analysis in this literature, the gap within the existing state-of-the-art 
algorithms is identified. 
 Before the next section begins, it is crucial to identify in brief the related 
parameters of these slew control techniques. These parameters are listed and explained 
as follows: 
•  , ratio of moment of inertia (MoI) between spin axis, Iz and transverse axis, 
It; 
•  , nutation angle; 
• k , non-negative integer; 
• t , target slew angle; 
• fdt , thruster firing duration; and 
• z , spin rate. 
 The listed parameters will be frequently used in the explanation for the next 
two sections. However, the list is non-exhaustive as there are other related parameters. 
These other parameters can be referred to at the beginning of this report under the List 
of Abbreviations & Symbols for a better understanding. 
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2.1.1 Theory 
The theory of the state-of-the-art slew algorithms is based on several main assumptions 
of the condition of the spacecraft for the manoeuvre to be actuated perfectly [8,11]. 
These conditions are: 
• Accurate initial attitude information 
• Accurate measurement for the MoI 
• Constantly rigid spacecraft (constant MoI throughout the manoeuvre) 
 In general, accurate attitude estimation is more complex for a spin-stabilised 
spacecraft compared to its three-axis stabilised counterpart [21]. Attitude determination 
strategy for some previous mission [22] of this type of spacecraft can be referred to 
gauge how crucial it is to have an accurate initial attitude information. Specifically for 
these state-of-the-art algorithms, an error in the initial attitude will propagate throughout 
the manoeuvre, as the control architecture is an open loop. The most significant 
contributor to this final attitude error is the inaccuracy of determining the initial spin 
rate of the spacecraft. The detail can be referred to [19] and it is briefly discussed in 
Section 2.1.3 of this chapter. 
 Normally, the information on the MoI for a spacecraft is acquired from the 
computer aided design (CAD) software used to model it. This information has a 
significant level of uncertainty but can be solved by using an actual measurement via 
mass properties measurement machine. However, another assumption is made in 
deriving the algorithms that is the spacecraft is symmetrical in its physical property. 
This assumption will create another inaccuracy in the final target attitude of the 
manoeuvred spacecraft. As mentioned by [19], moderate error is observed in the final 
attitude of the spacecraft when perturbation is introduced in the transverse axes MoI.  
However, the analysis is done within ±1% and not beyond that and looking into the 
trend of the physical properties of spacecraft nowadays, the difference between the two 
transverse axes MoI is more than ±1%. 
 Spacecraft with a constant MoI throughout the manoeuvre is an ideal case. 
Nonetheless, for a real mission this is not possible as the spacecraft will be non-rigid 
due to its operational constraint such as the consumption of propellant, liquid sloshing 
and movement of the solar panel. This will result in a time varying MoI for the 
spacecraft when the actuation is made. 
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 The equation of the attitude dynamics for a rigid spacecraft are given by a 
moment equation of Euler with the detail mentioned in [13] and [23]. The equation is  
 T  II   (2.1) 
where: 
 I  is the inertia tensor 
   is the angular velocity of the Spacecraft-Fixed Body (SFB) frame 
with Reference Inertial (RI) frame as the reference 
 T  is the external torque vector 
 For the state-of-the-art, transverse MoI for the rigid spinning body is assumed 
to be the same hence the parameter   is define as the ratio of inertia between spin axis, 
Iz and transverse axis, It. It is also assumed that the rigid body is in a pure spin around Iz. 
With the definition of Ix = Iy = It, Euler equation is simplified to the following equation 
2.2 and can be referred to equation (16-58) in [13]. 
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 From Equation 2.2c above it is known that z  is a constant. Equation 2.2a is 
then derived for the second time and the result is shown in Equation 2.3 below: 
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 Equation 2.4 is then solved to get the following Equation 2.5 with the condition 
of time at which x  is maximum and N  that is equal to Equation 2.6. Maximum value 
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of x  is denoted as t  and it is defined by the initial condition of the rigid body. This is 
shown in Equation 2.7: 
 )(cos 1ttNtx    (2.5) 
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 Equation 2.6 shows the definition of the body nutation rate that is equal to 
equation (16-59b) in [13]. The next Figure 2-4 acquired from [8] and [11] is used to 
explain the plane used to define the movement, 
 
 
Figure 2-4: Z-H Plane [8], [11] 
 
 Legend: 
 Black line: SFB Z-axis and transverse axis or the cross-section of the 
XY plane. It is perpendicular to each other 
 Red: spin rate,   or the angular velocity with its projection on Z and 
transverse axis 
 Dashed blue: lines parallel with the transverse axis (XY) 
 Dashed purple: lines parallel with the Z-axis 
 Purple angle: the angle between Z and H (nutation angle) 
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 The Z axis, angular momentum, H and spin rate,   are all at the same plane as 
shown in Figure 2-4. H is equal to I  and it is constant in the inertial frame as there is 
no external torques present. Due to the axisymmetric nature of this rigid body, the 
angular momentum vector is equal to the angular velocity represented by zI  and tI . 
 From Figure 2-4, the following Equation 2.8 and 2.9 are derived: 
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Equation 2.8 is comparable to equation (16-67a) in [13] and Equation 2.9 is the same as 
Equation 2.6. H  is the rate of rotation of Z-axis around the intermediate angular 
momentum while z  is the rate of rotation of the rigid body around Z-axis . With these 
two rotation rates, the spacecraft’s attitude can be described over time by rotating the Z-
axis around the intermediate angular momentum first and rotating the spacecraft around 
the Z-axis later after that. 
The angle,   is the angle between the Z-axis and the intermediate angular momentum, 
H. This value is a positive value and with a magnitude of below 90º. As mentioned at 
the end of 2.1, this angle is call nutation angle. 
The state-of-the-art has been developed by exploiting these properties ( H , N , ) of 
the rigid body. The details of this mechanism can be referred in [8] and [11]. The review 
on the result of the state-of-the-art’s trade-off and robustness analysis is described next 
in the following subsection to highlight the gap that is addressed by this study. 
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2.1.2 Algorithms’ trade-off analysis 
Trade-off analysis has been performed in [18] based on these significant parameters: 
• Slew accuracy 
• Slew time 
• Energy consumption and torque level. 
In terms of slew accuracy, a comparison between HC and MHC can be concluded by 
the following points: 
• Both algorithms suffer from an increased slew error when the   value is 
increasing, but this condition gives a bigger impact to the MHC; 
• With an increasing value of k, the range of   becomes narrower in order for an 
accurate slew to be achieved. 
One must bear in mind that the previous MHC analysis carried out by [11] was 
represented by only two identical cones. In the author’s view, the conclusion made for 
this comparison between HC and MHC was not exhaustive enough. An additional 
number of cones should be included before any deduction can be made. According to 
[9], the only two advantages MHC has over HC are the increased number of attainable 
slews and smaller angular impulse for the same target slew angle. 
 The same case was observed for the SAS control algorithm. The error in the 
targeted slew will rise with the increase of the   value [11]. Figure 2-5 acquired from 
[18] shows the pattern for the slew angle error with a different value of λ and the 
targeted slew angle, t . When a comparison is made between SAS and the MSA slew 
control algorithm, a different conclusion can be made compared with the one drawn for 
HC and MHC. For the same target slew angle, the value of  is slightly larger for the 
MSA slew compared to the SAS [18]. The MSA slew will have a smaller target slew 
angle within each section to match the target slew angle of a single SAS. A smaller 
target slew angle in each section will result in a bigger value of λ that can be handled. 
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Figure 2-5: Slew error for different target angle and lambda value (k=1) [18] 
For the DHC slew, the same principle can be used when it comes to the  value and the 
slew accuracy relationship. The only difference with the previously mentioned 
algorithms was that the number of attainable slews is larger with DHC slew control 
algorithm [11]. For a  value of 0-0.5, all targeted slew angles up to approximately 80 
degrees can be achieved. This is due to the fact that two HCs in the DHC slew do not 
necessary lie within the same plane [7,8,11]. Hence, another degree of freedom is 
introduced, resulting in the additional number of attainable slews. 
 The same result was observed for the EHC slew due to the extra degree of 
freedom of the aligned z-axis for it not to be at the 180 degree before the second pulse is 
fired. Except for the small region of λ between 0.2-0.31 and 0.45-0.5, EHC slew 
achieved a high accuracy slew manoeuvre [11]. SS and RL slews have the same 
behaviour and are not suitable to be used with a  value closer to 0 or 1. 
 It can be said that, in practical implementation, the dependency of the slew 
accuracy to the value of  is one of the drawbacks. A spacecraft will only have one 
value of lambda with a possibility of varying it in a narrow range. Trade-off analysis 
carried out by [18] for the slew accuracy was also within the λ range of 0 to 0.5 and the 
slew angle of 0º to 180º. 
 For the slew time analysis, a different case was observed in its relationship 
with the  value. A bigger  value contributes to a faster slew time for the half-cone 
derived slew control algorithms. For RL slew and SS slew, time consumption for a 
different  value is almost a constant. The significant change in the slew time for RL 
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slew and SS slew contributed to the change in the initial nutation angle and heading 
angle (for RL slew case) [11]. 
 In terms of the energy consumption and torque level, the following conclusion 
has been drawn from the analysis done by [18]: 
• MHC slew has been proven to use less energy compared to the HC slew, 
especially for a large nutation angle; 
• DHC and EHC slew are proven to use more energy compared to MHC but use 
less compared to HC slew; 
• SAS and MSA slews consume the same amount of energy for the same target 
slew, except that the control torque is reduced in half; 
• For half-cone derived slew control algorithms, three noticeable classes can be 
made in terms of maximum control torque needed: 
 High: HC Slew 
 Moderate: DHC Slew and SAS 
 Low: MHC Slew, EHC Slew and MSA Slew. 
• RL slew and SS slew consume the same amount of energy for the same set of 
parameters. The energy usage has a linear relationship with λ value; 
• In terms of control torque, the same conclusion with the energy consumption 
can be made; and 
• The energy consumption increases with the increase of heading angle in RL 
slew. 
2.1.3 Algorithms’ robustness analysis 
The robustness analysis has been carried out to the developed state-of-the-art control 
algorithms by introducing a perturbation to the following five parameters [19]: 
• The spin axis moment of inertia, Iz; 
• Transverse moment of inertia, It; 
• Spin rate, z ; 
• Thruster firing duration, fdt ; and 
• Y-axis moment of inertia, Iy, having a non-axisymmetric body. 
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Once a perturbation is introduced within the above-listed parameters, the analysis is 
then further performed by having a range in a linear step for the following parameters 
[9]: 
• Slew angle,  ; 
• Transverse moment of inertia, It; 
• Spin axis moment of inertia, Iz; 
• Spin rate, z ; and 
• Thrust, F . 
 
The analysis uses three methodologies listed as: 
• Taylor series approximation; 
• Geometric method; and 
• Simulation. 
 
To understand how this analysis is made, the following Figure 2-6 acquired from [11] 
can be referred to. 
 
Figure 2-6: Z of HC slew when a perturbation in spin rate, z is introduced 
within a range of transverse moment of inertia, It [11] 
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 As can be seen in Figure 2-6, an analysis has been made with an HC slew 
control algorithm by using two of the methodologies mentioned above: Taylor series 
approximation and the simulation. The spin rate z  has been perturbed within -1% to 
1% of its original intended value. The deviation between the intended and the actual z-
axis attitude, or the residual nutation angle, Z is then calculated using the Taylor 
series approximation and determined using the simulation. These calculated and 
determined values were varied across a range of transverse moments of inertia, It. In the 
above Figure 2-5, the calculated values using the Taylor series approximation are 
illustrated using a mesh with white faces and coloured edges. The determined values 
using simulation are plotted as surface with coloured faces [11]. 
 Analysis that has been done in both [11] and [19] can be concluded by the 
following: 
• Among three methodologies used, simulation is the most reliable technique as 
all slew control algorithms and all perturbed parameters can be analysed. The 
only drawback is that every point needs to be determined individually, hence a 
longer time is needed; 
• All half-cone derived algorithms are extremely sensitive to a perturbation in 
the spin rate, including the SS slew control algorithm. As summarised by [19], 
a 1% deviation in the intended spin rate will result in a deviation of H and 
Z  between 50 and 80 degrees; 
• The RL slew is deemed to be the most robust slew control algorithm, with 
moderate effect in all perturbed parameters. However, one significant analysis 
result worth mentioning is the H values when perturbation is introduced 
within the thruster firing duration, fdt  for a range of transverse moment of 
inertia, It, spin axis moment of inertia, Iz, and the spin rate, z . The maximum 
value of H is 20, 30 and 20 degrees respectively for It, Iz and z  [11]; 
• Perturbation in the transverse moment of inertia gives a moderate deviation to 
all slew control algorithms. The perturbation that results in the non-
axisymmetric property can also be comparable to this. Knowledge of this 
analysis will be needed when designing the testbed, as the perfectly 
axisymmetric hardware implementation will otherwise be impossible to be 
achieved; 
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• The only two parameters that contribute to a minimum effect when perturbed is 
the deviation of the spin axis moment of inertia, Iz to the SS slew and the 
deviation of the thruster firing duration, fdt  to the half-cone derived slews. 
 
In both [11] and [19], the following Table 2-1 has been produced to conclude the overall 
result. 
Table 2-1: Robustness overview for all algorithms [11], [19] 
Algorithms Iz It ωz tfd Iy 
HC derived slew Moderate Moderate Extreme Minimal Comparable to It 
SS slew Minimal Moderate Extreme Moderate Comparable to It 
RL slew Moderate Moderate Moderate Moderate * Comparable to It 
 
* The conclusion made in Table 2.1 produced by [11] and [19] is acceptable with the 
mentioned result of the analysis that has been done. However, a note on the effect of the 
perturbed fdt  to RL slew should be highlighted. There is a significant difference in the 
trend of the H  values for perturbed fdt  compared to the rest of the parameters. This 
has been described in bullet number three in the previous paragraph. 
 
As a result of reviewing the analysis carried out in [11] and [19], the following 
conclusions are noted for the way forward in the implementation of the proposed real-
time analyses: 
• An accurate determination of the initial spin rate, z  of the spacecraft is 
crucial, as a slight perturbation in this parameter will result in a high deviation 
in the final target attitude; 
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• In a practical spacecraft development, producing an accurately axisymmetric 
structure is not possible. The assumption of equalling the moment of inertia in 
the transverse axes for the purpose of calculating the lambda will create a 
problem when the difference between these two MoIs is big. 
• The spin axis moment of inertia and the transverse moment of inertia of the 
spacecraft is measured using the computer aided design (CAD) model 
produced. The CAD model is updated from time to time according to the 
physical modifications carried out to the spacecraft. The final spacecraft design 
is sent for an accurate mass properties measurement using the spin machine. 
According to [24], an accuracy of ±0.1% for the moment of inertia can be 
achieved using the spin machine produced by Space Electronics. If this 
accuracy of measurement can be accomplished for the testbed, an effect of a 
perturbed moment of inertia for both spin axis and transverse can be neglected; 
• For practical implementation, the accuracy of the fdt  will be determined by the 
response time of the selected thruster valve and the system time delay. The 
average of the response time for this kind of valve is in the range of 5 to 10 ms. 
The profile of the whole system delay needs to be known before the robustness 
analysis carried out in [11] and [19] can be referred in detail; 
• The strategy of varying the perturbed parameters within ±1% and ±10ms for 
the fdt  was not ideal as that which has been done in [11] and [19]. The range of 
the perturbed parameters should be determined by looking at the practical 
implementation of the system. For example, the range for spin rate perturbation 
should be determined by conducting a survey of the typical accuracy of the 
angular rate sensor used for space application. If the range is determined by 
percentage value, a higher initial spin rate will result in a bigger ±1% range 
compared to the lower initial spin rate value. For the fdt , system delay such as 
the propagation time delay and the valve response time delay will make the 
negative range of ±10ms to be not significant. Instead of having a ±10ms range 
for perturbed fdt , the range of 0-20 ms seems to be more practical. 
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2.2 State-of-the-art algorithms with feedback 
The current research in the field of slew control algorithms for prolate spinners is not 
limited to the analysis of the existing control algorithms. The recent focus is to enhance 
the existing control strategy by developing new control architecture for the said 
application. One of the research areas that has been carried out in the SSC is the 
introduction of feedback-based control algorithm architecture [25, 26]. The introduction 
of this feedback control architecture is done by implementing a sensor feedback to the 
control loop to increase the robustness of these algorithms. 
 By having the feedback-based control, the design of the slew control algorithm 
is further enhanced by producing a new slew control architecture based on the 
previously developed state-of-the-art algorithms. Research that has been done on this 
topic is the introduction of the feedback-based HC slew and SAS control algorithms. 
The novelty of this mentioned research lies within the estimation of the angular 
momentum and the prediction of the spinners’ attitude in order for the final pulse to be 
fired as correctly as possible. 
 With the introduction of this new class of slew control algorithms, the previous 
Figure 2-1 can be updated. The following Figure 2-7 shows an updated diagram to 
summarise the state-of-the-art of control algorithm for slew manoeuvre. 
 
Figure 2-7: Prolate spinners' slew control algorithms 
 Single magnetorquer configuration as shown above uses the same concept as 
single thruster except that the excitation is done using a magnetorquer. Another 
difference from the initial state-of-the-art is the introduction of a feedback-based 
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algorithm as mentioned above using this alternative actuator. For magnetorquer, 
impulsive torque cannot be made as magnetorquer requires more time to generate the 
same torque produced by a thruster. Hence, the time to actuate the second torque for 
cancellation is determined by feedback analysis and the prediction of when is the best 
time to start generating torque using magnetorquer is made. 
 For the feedback-based algorithms, the enhancement has been made to the 
initial state-of-the-art where the same configuration of using thruster as the actuator is 
used. By reviewing the robustness analysis, it has been concluded that the open-loop 
algorithms are susceptible to perturbation in spin axis angular rate. Using this new 
method of predicting the optimal time for the cancellation pulse, the enhanced HC and 
SAS is developed. As both algorithms is within the HC-based family, this enhancement 
has improved the result and the detail can be seen further in [25] and [27] 
2.3 Outstanding issues 
The feedback-based algorithms, as mentioned in the previous section, tackle the 
imperfection caused by real-time factors using the information acquired after the 
initiation of the first pulse made for the slew. However, there is information known 
before the start of the manoeuvre, such as the spacecraft MoI, that can be used to 
produce a better prediction of the pulse profile for the algorithms. 
 As mentioned in the previous section, the current algorithms rely heavily on 
their   value. The value of   is calculated using the ratio of the spin axis MoI and 
either two of its transverse axes MoI. For a practical case of a spacecraft design, the 
value of the two transverse axes MoI will not be the same, although the aim was to 
make the spacecraft as symmetrical as possible. Due to this, the MoI value for both 
transverse axes is assumed to be identical for the implementation of the current 
algorithms. 
 This assumption will cause a large error in the target slew angle when a case of 
a heavily asymmetric prolate spinner is used. The thesis will discuss the new algorithms 
that eliminate the usage of   value to present a more practical approach for a real-time 
mission. 
 Other than that, the introduction of a time delay caused by the thruster is also 
discussed in this thesis. A survey has been carried out [28] to list the delay incorporated 
in each of the thrusters that is used in a space mission. Apart from the time delay that 
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relates directly to the thruster on/off time, the effect of gravity is also investigated. In 
addition, a commercially-off-the-shelf (COTS) solenoid valve is profiled to determine 
the time delay during the implementation of the testbed. 
 Single thruster configuration using an open-loop control strategy is still chosen 
to be investigated due to its simplicity and minimal need of further processing during 
the slew manoeuvre. Single magnetorquer configuration is not selected due to its 
complex mechanism in producing the same thrust that a single thruster can provide. 
Using magnetorquer, another factor needed to be considered is the earth magnetic field 
and this contributes further to its complexity. As the torque of this actuator is small and 
dependable to earth magnetic field, the time needed to actuate the spacecraft will be 
significantly longer and unpredictable. For this reason, a simple open-loop control is not 
suitable hence, the feedback-based architecture is more appropriate. 
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3 NOVEL SINGLE-THRUSTER 
SLEW CONTROL 
ALGORITHMS 
In the design of the control for a spinning spacecraft, the assumption of a perfectly 
symmetrical shape is commonly used. This method is chosen in order to avoid the 
complex derivation of its control mechanism. Nonetheless, this assumption resulted in a 
control performance that is reduced in its accuracy and stability of its final attitude, 
especially for a spacecraft with a big difference in its transverse MoI. 
 This method has also been applied in the design of the state-of-the-art slew 
control algorithms for the prolate spinner. These algorithms, which have been 
mentioned in Chapter 2, rely heavily on this method where the variable   is derived. 
Two possible   values can be used as the MoI of the transverse axes have two 
difference values. This difference is small for a closely symmetric prolate spinner, and 
either value of the MoI for the transverse axes is used to determine  . 
 Robustness analysis has been carried out on this case, but the study is limited 
for a prolate spinner with the variation of its transverse axes MoI within ±5% [19]. This 
±5% can be easily surpassed for a common space mission where the value can go 
beyond ±10%. The INTEGRAL spacecraft, for example, has a difference in its 
transverse axes MoI of 11.04% [29]. Another example is the Sentinels mission [30], 
which has a spacecraft with a MoI difference in its transverse axes of 40.04%. This 
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shows how the physical design of a spacecraft can be in an extreme case of asymmetric 
condition. 
 The current state-of-the-art HC-derived slew control algorithms exploit the 
precessing behaviour of a rigid body in a pure spin when a thrust vector is generated 
towards its spin axis. This will generate the angular momentum vector away from the 
initial spin axis and the conic movement is initiated around this new vector position. 
Another similar thrust vector, but opposite in direction, is generated, when the 
intermediate spin axis arrives at the target attitude. As a result, the angular momentum 
is at the desired attitude and the precession is stopped. The details of this manoeuvre 
can be referred to in [8]. 
 As previously mentioned, the calculation of the time for the firing of the pulse 
relies heavily on the value of  . This is calculated as shown in Equation 3.1 below, 
where tI  is selected from either xI  or yI : 
 t
z
I
I

 (3.1) 
 This is made based on the assumption as mentioned at the beginning of this 
chapter. The calculated   is then used to calculate the nutation angle,  . For a basic 
HC algorithm, the nutation angle is derived from the determined   as shown in the 
Equation 3.2 below: 
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 In the above Equation 3.2, k  represents the number of half revolution of the 
spinning rigid body. The correct angular impulse L  is then calculated using this 
nutation angle using the following Equation 3.3: 
 
 zzIL )tan(  (3.3) 
 Having the angular impulse calculated, the thruster firing duration, fdt  is then 
known for the precession of the spinner to be initiated. The same amount of time is then 
needed to cancel the conic manoeuvre when the position of the spinner is at the intended 
attitude. 
 For a nearly symmetric spacecraft that has a difference of its transverse axes 
MoI within ±2%, the resultant angular impulse will be in the range of ±2.11%. For a 
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spacecraft with a bigger difference in this value, the needed angular impulse will vary 
greatly. The example that can be used is the Sentinel spacecraft, which has a difference 
of 40% in its value for the transverse axes MoI. The needed angular impulse calculated 
will vary between -42.7% and 42.1%. This clearly shows that a new technique is needed 
to accommodate these extreme cases. The plot in Figure 3-1 shows the variation of the 
needed angular impulse with an increasing difference of transverse axes MoI. 
 
Figure 3-1: Angular impulse with an increasing difference of transverse axes MoI. 
 
 To tackle this imperfection from the start, three new algorithms have been 
developed to provide a better final attitude after the slew manoeuvre is made. These 
algorithms are discussed in the next three sections. In these sections, the theoretical 
principles of the algorithms are described. This is followed by a discussion of the 
simulation results and the later analytical studies for these proposed new algorithms. 
 For the simulation, the new algorithms are tested using the following 
parameters in Table 3-1 and Table 3-2 for two extreme cases of asymmetric spacecraft. 
The first case is for zyx III   and the second case is for zxy III  . The difference 
between xI  and yI  is 45%. The result is then compared with the current slew control 
algorithms and the performance between them is discussed. 
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Table 3-1: The first case for zyx III   
Parameters Value 
xI  (kg.m2) 4.7936 
yI (kg.m2) 2.6365 
zI (kg.m2) 0.1458 Target slew angle (deg) 90 Initial Spin Rate (rad/s) 0.8 
 
Table 3-2: The first case for zxy III   
Parameters Value 
xI  (kg.m2) 4.7936 
yI (kg.m2) 6.9507 
zI (kg.m2) 0.1458 Target slew angle (deg) 90 Initial Spin Rate (rad/s) 0.8 
 
 Simulation is performed using the developed Simulink model in Matlab for 
both the current and new algorithms. The same platform developed by [11] is used for 
the current algorithms, while a new Simulink model is used for the new algorithms. The 
performance is then gauged using the same platform developed in [11] to assure validity 
of the results. 
 The performance measurement is also revised from the one used in [9] to the 
more practical indicator. Instead of having H  and Z  to indicate the slew accuracy, 
minimum and maximum deviation of the final angle from the target attitude is used. The 
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following Equation 3.4 is the new performance indicator to show a more realistic 
representation of the slew error: 
 
Minimum angle deviation ZH   
  Maximum angle deviation ZH   (3.4) 
 
 For reference purposes, the previous performance measurement from [9] can 
be further explained by using the following Figure 3-2 as acquired from the same 
source. H  can be seen as the deviation between the final angular momentum, fH  and 
the target H  while Z  is defined as the deviation between the final attitude, fZ  and 
the final angular momentum, fH . In an ideal condition, the target angular momentum 
should be the same as the final attitude, hence the target attitude is achieved with 0 
degree of Z  resulting to a zero residual nutation angle. 
 
Figure 3-2: Previous performance measurement indicator [9] 
 
 For the analytical studies, the new algorithms will be simulated with different 
initial spin rates and various target slew angles. The extreme case of asymmetrical 
physical characteristics is also reduced to a common spacecraft design and the condition 
is set at about 2% for the difference of its transverse axes MoI. This is done in order to 
determine the performance of the new algorithms in a common prolate spacecraft 
design. The studies in terms of the fuel consumption and the slew time are also included 
to compare the performance between the current and the new algorithms. 
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 For this study, the parameters set for the simulation are shown in Table 3-3. 
The case of zyx III   is selected as it is known that, for this condition, the 
performance for both algorithms in comparison is at worse. The reason being is that the 
analysis aims to see the algorithms performed in a worse condition. 
 
Table 3-3: Simulation initial parameters 
Parameters Value 
xI  (kg.m2) 4.8937 
yI (kg.m2) 4.7860 
zI (kg.m2) 0.1458 Target slew angle (deg) until 90 Initial Spin Rate (rad/s) 0.4, 0.8 & 1.2 
 
3.1 HC algorithm with asymmetric property (HC-A) 
3.1.1 Theoretical principles 
The proposed HC-A slew control algorithm is based on the way the body nutation rate 
N  and its inertial nutation rate H  are defined. For the current state-of-the-art HC, 
these properties are defined as per the following Equation 3.5 and Equation 3.6 and they 
are comparable to Equation 16-59b and Equation 16-67a in [13]: 
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H
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 As discussed, the assumption of a perfectly symmetrical prolate rigid body is 
used in defining the equations above, and this assumption is not suitable to be used for 
an extreme asymmetric case where the difference in its transverse axes MoI is large. For 
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the new HC-A slew control algorithm, the new N  is defined by following the 
Equation 16-73 in [13]. In [13], p  is equal to N  and m3  is equal to z  with the 
condition of zyx III  for a prolate spinner. The new N  is defined by th following 
Equation 3.7: 
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 The new H  is derived by comparing Equation 16-59b and Equation 16-73 in 
order to get the new definition of tI . To reduce the complexity of this comparison, xI  
and yI  is replaced with tI  in the numerator of Equation 16-73. tI  is then derived as 
below: 
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By looking at the denominator as the numerator is equal at both sides, tI  can be 
solved as below: 
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H  is then defined by replacing tI  in Equation 3.6 with the new definition in 
Equation 3.8. The new definition for H  is shown below: 
 yxt
H III
HH
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 (3.9) 
 
 By including this asymmetric property to the new HC-A algorithm, the new 
nutation angle is defined as the following Equation 3.12: 
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Referring back to the Figure 2-4 in Chapter 2, H  can be further defined as below: 
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Substituting H  with the above definition, the previous derivation can be further 
defined as below: 
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 Using the newly defined nutation angle, a more accurate angular impulse is 
calculated using Equation 3.3. 
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3.1.2 Simulation results 
The results for the comparison between the current HC and the new HC-A can be 
referred to in Table 3-4 and Table 3-5: 
 
Table 3-4: Comparison between the current HC and the new HC-A using the 
previous performance indicator 
Case 
Current HC New HC-A 
H  Z  H  Z  
zyx III   25.4749 deg 25.7671 deg 22.3644 deg 15.6343 deg 
zxy III   9.5716 deg 10.2206 deg 10.1135 deg 12.3776 deg 
 
Table 3-5: Comparison between the current HC and the new HC-A using the new 
performance indicator 
Case 
Current HC New HC-A 
Min. Angle 
Deviation 
Max. Angle 
Deviation 
Min. Angle 
Deviation 
Max. Angle 
Deviation 
zyx III   0.2922 deg 51.2420 deg 6.7301 deg 37.9987 deg 
zxy III   0.6490 deg 19.7922 deg 2.2641 deg 22.4911 deg 
 
 Preliminary results show that there is an improvement in terms of the 
performance for the first case that is zyx III   where the H  and Z  are reduced 
using the new algorithm. The significant improvement can be seen in terms of the Z  
where the stability is increased, closed to 10 degrees with only approximately 3 degrees 
improvement in terms of H . However, for the second case of zxy III  , the 
accuracy is reduced for the new algorithm for about 1-2 degrees for both H  and Z . 
This is perceived using the previous measurement method for the algorithm accuracy. 
This is due to the fact that the HC algorithm has limited attainable slew that can be 
achieved [11]. Using the new performance indicator, the current HC has the lowest 
Inclusion of Asymmetric Properties in the Single-Thruster Open-Loop Slew Control Algorithms for Prolate 
Spinning Spacecraft 
32  Abadi Chanik - November 2017 
minimum deviation angle due to the large Z  produced at the end of the slew, which 
has almost the same magnitude as the H . However, the overall performance cannot be 
concluded yet as only one target slew angle is simulated with one initial spacecraft 
attitude. 
3.1.3 Analytical studies on accuracy & costs 
3.1.3.1 Analysis on accuracy 
The results for the comparison between the current and the new HC can be referred to in 
Table 3-6, Table 3-7 and Table 3-8 for each initial spin rate of 0.4, 0.8 and 1.2 rad/s 
respectively. The previous performance measurement is used due to the fact that the 
new algorithm has a better performance in terms of its end stability, also known as the 
residual nutation ( Z ). The new performance measurement is portrayed using a plot in 
order to see better the end attitude of the spacecraft in all simulation cases. This can be 
seen in the following Figure 3-3 to Figure 3-8: 
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Table 3-6: Comparison between the current HC and the new HC-A using the 
previous performance indicator for 0.4 rad/s initial spin rate 
Target slew 
angle (degree) 
Current HC New HC-A 
H  (degree) Z  (degree) H  (degree) Z  (degree) 
25 10.7074 0.5888 6.3434 0.0213 
30 5.7075 0.5888 1.3436 0.0213 
35 0.7081 0.5888 3.6567 0.0213 
40 4.2927 0.5888 8.6566 0.0213 
45 9.2927 0.5888 6.4975 0.1012 
50 4.1453 0.8014 1.5004 0.1012 
55 0.8649 0.8014 3.5049 0.1012 
60 5.8577 0.8014 6.0193 0.2301 
65 3.0112 0.8751 1.0417 0.2301 
70 2.0162 0.8751 3.9923 0.2301 
75 4.7360 0.8459 3.1462 0.4153 
80 0.5330 0.8459 1.9284 0.4153 
85 5.3045 0.8459 3.8705 0.6719 
90 0.7289 0.7138 1.3676 0.6719 
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Table 3-7: Comparison between the current HC and the new HC-A using the 
previous performance indicator for 0.8 rad/s initial spin rate 
Target slew 
angle (degree) 
Current HC New HC-A 
H  (degree) Z  (degree) H  (degree) Z  (degree) 
25 10.7036 0.5887 6.3409 0.0213 
30 5.7036 0.5887 1.3410 0.0213 
35 0.7043 0.5887 3.6593 0.0213 
40 4.2966 0.5887 8.6592 0.0213 
45 9.2965 0.5887 6.4859 0.1011 
50 4.1316 0.8013 1.4886 0.1011 
55 0.8776 0.8013 3.5164 0.1011 
60 5.8711 0.8013 5.9940 0.2298 
65 2.9828 0.8749 1.0145 0.2298 
70 2.0413 0.8749 4.0163 0.2298 
75 4.6883 0.8459 3.1005 0.4145 
80 0.5302 0.8459 1.9629 0.4145 
85 5.3462 0.8459 3.7976 0.6698 
90 0.6511 0.7146 1.3939 0.6698 
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Table 3-8: Comparison between the current HC and the new HC-A using the 
previous performance indicator for 1.2 rad/s initial spin rate 
Target slew 
angle (degree) 
Current HC New HC-A 
H  (degree) Z  (degree) H  (degree) Z  (degree) 
25 10.6870 0.5884 6.3296 0.0213 
30 5.6870 0.5884 1.3298 0.0213 
35 0.6875 0.5884 3.6705 0.0213 
40 4.3132 0.5884 8.6705 0.0213 
45 9.3131 0.5884 6.4353 0.1008 
50 4.0725 0.8006 1.4373 0.1008 
55 0.9335 0.8006 3.5663 0.1008 
60 5.9294 0.8006 5.8845 0.2285 
65 2.8604 0.8741 0.8977 0.2285 
70 2.1522 0.8741 4.1212 0.2285 
75 4.4835 0.8460 2.9051 0.4108 
80 0.5866 0.8460 2.1211 0.4108 
85 5.5304 0.8460 3.4897 0.6612 
90 0.4136 0.7177 1.5644 0.6612 
 
 From the results, both algorithms performed comparatively the same in terms 
of the H . This is due to the fact that not all target slew angles can be precisely 
achieved by HC as a result of the limitation of the attainable slew angle. Nonetheless, 
significant improvement can be seen in terms of the Z  for the new HC-A in the 
region of the smaller target angle. Generally, both algorithms show a vulnerability to the 
increased initial spin rate for Z with the new algorithm still having a better 
performance compared to its current counterpart. This improvement in Z  contributes 
to a more stable end attitude for the spacecraft and can be seen using the new 
performance measuring method represented by Figure 3-3 to Figure 3-8. 
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Figure 3-3: Comparison between the current HC and the new HC-A for 0.4 rad/s 
initial spin rate. 
 
Figure 3-4: Comparison between the current HC and the new HC-A for 0.8 rad/s 
initial spin rate. 
 
Figure 3-5: Comparison between the current HC and the new HC-A for 1.2 rad/s 
initial spin rate. 
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Figure 3-6: Comparison between three different initial spin rates for the current 
HC. 
 
Figure 3-7: Comparison between three different initial spin rates for the new HC-
A. 
 
Figure 3-8: Comparison between three different initial spin rates for both HC and 
HC-A algorithms. 
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 It can be seen from these results that the new algorithm shows a better final 
attitude as the gap between the maximum and the minimum deviation of angle from the 
targeted is narrower compared to the current technique. Looking at the plot, the gap 
between the minimum and maximum angle deviation is increasing with a larger target 
angle. This is due to the fact that Z  is increasing with the increase of target angle. As 
the target angle increases so does the nutation angle,  . The increase of   results in the 
increase of angular momentum, H  (Equation 3.11) and inertial nutation rate, H  
(Equation 2.8). Hence the increase in body nutation rate, N  is foreseen due the 
relationship represented by Equation 3.10. As N  increases, Z  will also experience 
the same trend. 
 For a more stable end attitude, it is foreseen that algorithms which are 
concatenated or multi HCs will have a better accuracy as the start of the next HC(s) is 
more stable. This is the case for the new DHC-A and EHC-A, which will be presented 
in Sections 3.2 and 3.3. 
 
3.1.3.2 Analysis on energy efficiency and time consumption 
The comparison for the energy efficiency and time consumption is also made in order to 
have a better view of the algorithm’s overall performance. The amount of angular 
momentum needed to perform the manoeuvre is used to gauge the energy efficiency for 
each case. For energy efficiency, the propellant consumption is not used to gauge as it is 
dependent on several other factors such as type of propellant, specific impulse and its 
performance. Due to this, the angular impulse (in Nms) is chosen instead. 
 To understand further on how angular impulse relates to the consumption of 
propellant for this manoeuvre, to following example is described. For every HC 
manoeuvre, the thruster will be turned on twice. The first actuation is made to make the 
spacecraft that is in a pure spin to precess while the second firing is made to stop the 
precession. The following Figure 3-9 shows the plot of the torque versus manoeuvre 
time where the time of when the thruster is turned on/off is determined. For this 
manoeuvre, it is said that there is no delay in the thruster response time although in real 
time, it is not possible. The thruster on time is determined based on the amount of 
angular impulse needed that can be calculated using the previous Equation 3.3 and the 
torque that can be generated by the thruster. 
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Figure 3-9: Torque vs manoeuvre time 
 From the example above, an angular impulse of 0.4 Nms is needed for each 
first and the second actuation at 1t  and 2t . 1t  for the above manoeuvre is at 5 second 
while 2t  is at 31 second. The magnitude of the angular impulse is the same for both 
actuations except that they are opposite in direction. The thruster equipped on the 
spacecraft can produce a torque of 0.2 Nm. Hence, the thruster on time for each 
actuation is 2 seconds. For this manoeuvre, the propellant will be consumed every time 
when the thruster is turned on. 
 Due to this, the analysis in term of energy efficiency is made by quantifying 
the amount of angular impulse needed for each manoeuvre as this value varies for a 
different target angle. The following Figure 3-12 to Figure 3-12 shows the results of the 
same simulation in terms of its energy efficiency: 
 
Figure 3-10: Angular momentum needed for both HC manoeuvres with initial spin 
rate of 0.4 rad/s. 
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Figure 3-11: Angular momentum needed for both HC manoeuvres with initial spin 
rate of 0.8 rad/s. 
 
Figure 3-12: Angular momentum needed for both HC manoeuvres with initial spin 
rate of 1.2 rad/s. 
 
 It can be seen that the angular impulse needed by the new algorithm is less, 
about 2-13% from the current algorithm with the bigger difference in the lower target 
angle range. This is for the simulated condition until a target slew angle of 90 deg. For 
some target angles, more angular impulse is needed for the new algorithm, but it is due 
to the attainable angle that is closer to the target compared to the previous one. For HC 
manoeuvre, there is a limit in term of the target angle that can be achieved due to the 
integer k  value in the Equation 3.2 (for the current HC) and in Equation 3.12 (for the 
proposed HC-A) as   is equal to half of the target angle. With the parameters used in 
this simulation, the attainable target angles within the simulation range for the current 
HC is 35 deg, 54 deg, 68 deg, 79 deg and 90 deg. While for the proposed HC-A, the 
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attainable target angles in this simulation is 31 deg, 51 deg, 66 deg, 78 deg and 88 deg. 
This is the limitation for HC as detailed further in Section V. A. of [18]. 
 The needed angular impulse for the current HC observed in Figure 3-10 to 
Figure 3-12 is the same for the target angle of 25 – 45 deg, 50 – 60 deg, 65 – 70 deg and 
75 – 85 deg as the only target angle that can be achieved are 35 deg, 54 deg, 68 deg and 
79 deg. For the new HC-A, the needed angular impulse is the same for the target angle 
of 25 – 40 deg, 45 – 55 deg, 60 – 70 deg, 75 – 80 deg and 85 – 90 deg due to the only 
attainable slew angles that are 31 deg, 51 deg, 66 deg, 78 deg and 88 deg. 
 For the time consumption, the following Figure 3-13 to Figure 3-15 show the 
data obtained for the same simulation. The time consumption refers to the total 
manoeuvre time needed that is from when the first actuation is initiated until the second 
thruster on time is completed. This can be explained further by observing the plot in 
Figure 3-9. 
 From Figure 3-13 to Figure 3-15, it can be said that the time needed for the 
slew manoeuvre is merely the same for both except for some target angles. These target 
angles are 45 deg, 60 deg and 85 deg. For the target angle of 45 deg, new HC-A has 
shifted to the next attainable angle that is 51 degree while current HC still maintaining 
at the attainable angle of 35 degree. This is the same for the target angles of 60 deg and 
85 deg as HC-A has already shifted to the next attainable angles of 66 and 88 deg while 
the current HC is still maintaining at 54 and 79 deg. This is due to the same reason as 
mentioned above for the needed angular impulse as only several target angles can be 
achieved.  
 In comparison for this simulation, the new algorithm needs slightly more time 
compared to the current counterpart at about 0.028-0.033%, with a slightly bigger 
difference in the lower target angle range. 
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Figure 3-13: Time consumed for both HC manoeuvres with initial spin rate of 0.4 
rad/s. 
 
 
Figure 3-14: Time consumed for both HC manoeuvres with initial spin rate of 0.8 
rad/s. 
 
Figure 3-15: Time consumed for both HC manoeuvres with initial spin rate of 1.2 
rad/s. 
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 From both analyses of the energy efficiency and time consumption, it is clear 
that the new algorithm has a better overall performance than its current counterpart. The 
needed angular impulse is reduced in the magnitude of 2-13 % in comparison to the 
current algorithm with a slew time that is slightly longer but comparable to the current 
algorithm in the magnitude of 0.028-0.033 % for the simulations that have been done. 
3.2 DHC algorithm with asymmetric property (DHC-A) 
3.2.1 Theoretical principles 
The current DHC slew control algorithm is made based on a concatenation of two HCs, 
with the execution of the second HC carefully timed to move it away from a normal 
MHC with two HCs and create an intermediate azimuth angle, int  that is non-zero 
[11]. This is done in order to accommodate a final target angle without the restriction of 
an attainable target angle of the conventional HC/MHC as mentioned in [8]. Figure 
3-16, acquired and improved from [11], shows the difference between the current MHC 
with two concatenations HC and the current DHC. In this figure, 1  refers to the initial 
azimuth angle of the manoeuvre, int  as mentioned previously, refers to the 
intermediate azimuth angle between the two HCs, t  is the target slew angle or t  as 
the term used in this thesis while   is the nutation angle that is equal to ¼ of the target 
slew angle. 
 
Figure 3-16: LEFT: MHC with two HCs; RIGHT: DHC. 
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 For the current DHC, the nutation angle   is recalculated using the following 
Equation 3.10 by utilising a ‘floor’ rounding function to determine k : 
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 For the new DHC-A algorithm, a comparison is made between Equation 3.2, 
3.12 and 3.13 where the new definition of 

1  is redefined as below and resulted in 
the following Equation 3.14: 
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 Equation 3.13 for the current DHC is derived by including the asymmetric 
factor of Equation 3.14 and can be referred in the following Equation 3.15: 
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 This new derivation of determining k  and then recalculating the new nutation 
angle   has been the basis of the new DHC-A algorithm, with the inclusion of the 
asymmetric property of the spinner.  
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3.2.2 Simulation results 
The result for the comparison between the current DHC and the new DHC-A can be 
referred to in Table 3-9 and Table 3-10: 
Table 3-9: Comparison between the current DHC and the new DHC-A using the 
previous performance indicator. 
Case 
Current DHC New DHC-A 
H  Z  H  Z  
zyx III   17.3151 deg 9.8356 deg 17.4682 deg 2.5506 deg 
zxy III   5.9302 deg 9.5102 deg 4.3319 deg 0.9105 deg 
 
Table 3-10: Comparison between the current DHC and the new DHC-A using the 
new performance indicator. 
Case 
Current DHC New DHC-A 
Min. Angle 
Deviation 
Max. Angle 
Deviation 
Min. Angle 
Deviation 
Max. Angle 
Deviation 
zyx III   7.4795 deg 27.1507 deg 14.9176 deg 20.0188 deg 
zxy III   3.5800 deg 15.4404 deg  3.4214 deg 5.2424 deg 
 
 For the new DHC-A, it can be seen that the performance in terms of its end 
stability ( Z ) is greatly improved. For H , an improvement is seen for the second 
case with a comparable performance for the first one. Referring to Table 3-10, the 
minimum deviation angle achieved by the DHC-A is bigger than the minimum 
deviation angle acquired using the current DHC for the first case. This is due to the 
resulting Z , of the current DHC that is large (9.8356 deg) that compensated the H  
that is comparable for both the current DHC and the new DHC-A. Equation 3.4 can be 
referred to understand this better. For a practical observation, the gap between the 
maximum and the minimum deviation is more crucial than just the indication of the 
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minimum deviation angle by its own. A bigger gap results to the unstable final attitude 
for the spacecraft manoeuvred using this technique. 
 As DHC consists of two HCs or two cones, the spacecraft’s stability in term of 
Z  resulted after the first cone, contributes to this overall performance for the final 
attitude. When the second cone is initiated for the spacecraft that has a large residual 
nutation ( Z ), the z  for the initial attitude of the second cone varied in a larger 
magnitude compared to the initial attitude of a second cone manoeuvred using DHC-A. 
Hence, the final attitude after the second cone will be worse. This is shown by 
comparing the Z for both the current DHC that is closer to 10 deg while Z  for the 
new DHC-A is just 0.9105 and 2.5506 degree for both cases. This has been forecasted 
at the end of the Section 3.1.3.1.  
3.2.3 Analytical studies on accuracy & costs 
3.2.3.1 Analysis on accuracy 
For the new DHC-A, the results for the comparison between it and the current algorithm 
can be referred to in Table 3-11, Table 3-12 and Table 3-13 for each initial spin rate of 
0.4, 0.8 and 1.2 rad/s. As has been done with the new HC-A, the previous performance 
measurement is also used due to the same reason. The new performance measurement is 
also plotted in Figure 3-17 to Figure 3-22 to determine the stability of the final attitude 
of the spacecraft:  
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Table 3-11: Comparison between the current DHC and the new DHC-A using the 
previous performance indicator for 0.4 rad/s initial spin rate. 
Target slew 
angle (degree) 
Current DHC New DHC-A 
H  (degree) Z  (degree) H  (degree) Z  (degree) 
5 0.4297 1.1657 0.3005 0.0422 
10 0.4535 1.1508 0.2989 0.0416 
15 0.4760 1.1295 0.2968 0.0407 
20 0.4965 1.1017 0.2943 0.0395 
25 0.5146 1.0673 0.2913 0.0380 
30 0.5295 1.0257 0.2878 0.0362 
35 0.5405 0.9766 0.2840 0.0339 
40 0.5469 0.9190 0.2798 0.0312 
45 0.5479 0.8520 0.2754 0.0280 
50 0.5424 0.7737 0.2706 0.0240 
55 0.5289 0.6811 0.2658 0.0189 
60 0.5050 0.5685 0.2613 0.0112 
65 0.4657 0.4225 0.5811 0.1430 
70 0.3922 0.1853 0.5730 0.1335 
75 1.2149 1.0056 0.5654 0.1230 
80 1.1865 0.9230 0.5586 0.1114 
85 1.1466 0.8318 0.5528 0.0982 
90 1.0936 0.7298 0.5484 0.0830 
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Table 3-12: Comparison between the current DHC and the new DHC-A using the 
previous performance indicator for 0.8 rad/s initial spin rate. 
Target slew 
angle (degree) 
Current DHC New DHC-A 
H  (degree) Z  (degree) H  (degree) Z  (degree) 
5 1.7917 1.1622 1.3527 0.0421 
10 1.8136 1.1456 1.3507 0.0414 
15 1.8337 1.1226 1.3482 0.0405 
20 1.8516 1.0933 1.3452 0.0392 
25 1.8669 1.0572 1.3418 0.0377 
30 1.8789 1.0140 1.3380 0.0358 
35 1.8873 0.9633 1.3340 0.0335 
40 1.8914 0.9043 1.3297 0.0307 
45 1.8904 0.8357 1.3253 0.0274 
50 1.8835 0.7560 1.3209 0.0234 
55 1.8695 0.6619 1.3166 0.0182 
60 1.8461 0.5480 1.3133 0.0105 
65 1.8089 0.4007 3.2988 0.1386 
70 1.7404 0.1623 3.2914 0.1288 
75 4.1429 0.9658 3.2849 0.1181 
80 4.1130 0.8812 3.2795 0.1062 
85 4.0735 0.7882 3.2755 0.0928 
90 4.0229 0.6845 3.2734 0.0774 
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Table 3-13: Comparison between the current DHC and the new DHC-A using the 
previous performance indicator for 1.2 rad/s initial spin rate. 
Target slew 
angle (degree) 
Current DHC New DHC-A 
H  (degree) Z  (degree) H  (degree) Z  (degree) 
5 4.0621 1.1552 3.1054 0.0419 
10 4.0814 1.1356 3.1017 0.0411 
15 4.0988 1.1101 3.0977 0.0401 
20 4.1139 1.0781 3.0935 0.0387 
25 4.1262 1.0393 3.0890 0.0371 
30 4.1355 0.9936 3.0844 0.0351 
35 4.1411 0.9403 3.0799 0.0327 
40 4.1426 0.8788 3.0755 0.0299 
45 4.1395 0.8078 3.0714 0.0265 
50 4.1309 0.7257 3.0680 0.0224 
55 4.1157 0.6294 3.0656 0.0171 
60 4.0921 0.5133 3.0658 0.0093 
65 4.0560 0.3641 7.8347 0.1308 
70 3.9915 0.1240 7.8298 0.1207 
75 9.1095 0.8968 7.8265 0.1096 
80 9.0768 0.8093 7.8251 0.0973 
85 9.0357 0.7136 7.8261 0.0836 
90 8.9849 0.6074 7.8301 0.0679 
 
 As can be seen from the results, the new algorithm performed better than the 
current version, especially in terms of the Z  except for few target angles (65 and 70 
degrees) in terms of its H . This exception is due to the value of k  as what can be 
seen in Equation 3.15. As the target angle becoming larger, the value before the 
function floor is applied, decreases. For the transition from the target angle of 60 to 65 
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degree, k  value has changed from 15 (after being floored from the value of 15.05) to 14 
(after being floored from the value of 14.96). This mentioned value of k  is for the new 
DHC. 
 For the current DHC, the transition happened for this k  value when the target 
angle is changed from 70 to 75 degree. The k  value has changed from 15 (after being 
floored from the value of 15.03) to 14 (after being floored from the value of 14.92). 
 The decrease value of k  has made the value of   increased. Equation 3.12 can 
be referred for this relationship. When   is increased, the angular momentum will 
become larger hence H  is also increased. This is justified by following the Equation 
3.11 and 3.9. The increase of H  has resulted in a higher value of H  compared to the 
previous manoeuvre when k  is larger. This happen earlier for DHC-A when the target 
angle shifted from 60 – 65 degree compared to the later shift for the current DHC that 
was during the shift from 70 – 75 degree. For this reason, H  for DHC-A is higher for 
the target angle of 65 and 70 degree compared to the current DHC. 
 This acquired results have verified the statement that has been made previously 
on the manoeuvre with two or more HCs. The new algorithm produced a more accurate 
result with a more stable final attitude compared to the current DHC. The accuracy 
decreases with the increase of the initial spin rate, as can be seen from Table 3-11 until 
Table 3-13 and this has been the case as previously [18]. In conclusion, the new DHC-A 
performs better than the current DHC algorithm, especially when it comes to limiting 
the residual nutation to produce a more stable final attitude for the manoeuvre. This can 
be seen further in Figure 3-17 to Figure 3-22 that plots the minimum and the maximum 
deviation error of the spacecraft for both algorithms. 
 As what that has been mentioned earlier, the concern in term of the spacecraft’s 
stability is crucial as an unsteady spacecraft after the manoeuvre will reduce the chances 
of success for certain mission especially the penetrator. An unsteady penetrator will not 
guaranteed a smooth penetration of the targeted surface as the incident angle might not 
be within the limit required. From the plot, it can be seen that the current DHC has a 
significantly larger gap between the minimum and the maximum angle deviation and 
this contributes to a higher chances of an unsteady final attitude. In contrast, the DHC-A 
has a smaller gap between the minimum and maximum deviation angle and a more 
stable final attitude can be achieved using this new manoeuvre. 
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Figure 3-17: Comparison between the current DHC and the new DHC-A for 0.4 
rad/s initial spin rate. 
 
Figure 3-18: Comparison between the current DHC and the new DHC-A for 0.8 
rad/s initial spin rate. 
 
Figure 3-19: Comparison between the current DHC and the new DHC-A for 1.2 
rad/s initial spin rate. 
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Figure 3-20: Comparison between three different initial spin rates for the current 
DHC. 
 
Figure 3-21: Comparison between three different initial spin rates for the new 
DHC-A. 
 
Figure 3-22: Comparison between three different initial spin rates for both DHC 
algorithms. 
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 A more stable attitude is seen for the new DHC-A compared to the current 
algorithm. This can be clearly seen when comparing Figure 3-20 and Figure 3-21. As is 
known from [18], the faster the initial spin rate of the manoeuvre, the higher the error of 
the final attitude. However, for the new DHC-A, the increase of error caused by the 
increase in the initial spin rate is slower compared to the current algorithm. 
3.2.3.2 Analysis on energy efficiency and time consumption 
As previously carried out in Section 3.1.3.2, the comparison for the energy efficiency 
and time consumption is made in order to have a better view of the new DHC-A 
algorithm overall performance. The indicator used is the amount of angular impulse 
needed to perform the manoeuvre and Figure 3-23 to Figure 3-25 show the results of the 
same simulation in terms of its energy efficiency: 
 
Figure 3-23: Angular momentum needed for both DHC manoeuvres with initial 
spin rate of 0.4 rad/s. 
 
 
Figure 3-24: Angular momentum needed for both DHC manoeuvres with initial 
spin rate of 0.8 rad/s. 
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Figure 3-25: Angular momentum needed for both DHC manoeuvres with initial 
spin rate of 1.2 rad/s. 
 
 It can be seen that the angular momentum impulse needed by the new 
algorithm is less, at about 5.6-12.9% from the current algorithm with the bigger 
difference in the lower target angle range. This is for the simulated condition until a 
target slew angle of 90 degrees. However, for some target angles of precisely 65 and 70 
degrees, more angular momentum impulse is needed for the new algorithm as the 
nutation angle   calculated for the manoeuvre has increased as the value of k  
decreased, while for the current algorithm it still remains as the previous value. Larger 
  contributes to a larger angular momentum impulse needed for the manoeuvre as 
reflected in the previous Equation 3.3. The increase of   for the current algorithm only 
occurred when the target angle is 75 degrees. This is when the   for the current 
algorithm increases above the   for the new DHC-A, hence more angular momentum 
impulse is needed. 
 For the time consumption, Figure 3-26 to Figure 3-28 show the data obtained 
from the same simulation. From these figures, it can be said that the time needed for the 
slew manoeuvre is merely the same for both except for some target angles. The 
difference is between -0.036 and 0.031%, where the negative percentage shows that the 
new algorithm completed the manoeuvre a little faster than the current one. This is due 
to the same k  value used by both the current DHC and the new DHC-A for the target 
angles that have merely the same manoeuvre time. 
 As mentioned in Section 4.1 of [8] at the step number 5, k  is a nonnegative 
integer that is used to determine the time of when is the cancellation impulse should be 
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fired. k  relates to the number of revolution the spacecraft made before the final target 
angle is achieved. This constraint of being an integer is due to the position of the 
thruster that is mounted on the body of the spacecraft. Although at one point the Z-axis 
of the spacecraft has reached the targeted attitude, the location of the thruster is yet to be 
in the correct position to provide a thrust that is opposite in direction to the first 
impulse. The thruster is rotated )12( k  before it is in the correct position to fire the 
thrust. 
 Therefore the value k  relates directly to the manoeuvre time. As the k is the 
same for some target angles for both current DHC and the new DHC-A, the time 
consumption for these target angles is merely the same. The same justification goes for 
the previous simulation done for the current HC and the new HC-A where the time 
consumption for some targets angle is merely the same. 
 
 
Figure 3-26: Time consumed for both DHC manoeuvres with initial spin rate of 0.4 
rad/s. 
 
Figure 3-27: Time consumed for both DHC manoeuvres with initial spin rate of 0.8 
rad/s. 
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Figure 3-28: Time consumed for both DHC manoeuvres with initial spin rate of 1.2 
rad/s. 
 From both analyses of the energy efficiency and time consumption, it is clear 
that the new algorithm has a better overall performance than its current counterpart. It 
needs less angular momentum impulse in the magnitude of 5.6-12.9% of the current 
algorithm with reservation for some target angles, while the slew time is comparable to 
the current algorithm in the magnitude of -0.036-0.031%. 
3.3 EHC algorithm for asymmetric prolate spinner (EHC-A) 
3.3.1 Theoretical principles 
The current EHC is derived based on the extension of HC with the objective of making 
it more robust to errors due to a non-integer ratio of NH   with the same flexibility of 
the DHC in terms of the attainable slew angles [11]. It can also be viewed as a 
concatenation of two identical SAS. Figure 3-29 shows the manoeuvre of the current 
EHC in a Mercator plot. In this figure, t  refers to the target nutation angle,   as the 
target slew angle for EHC is ¼ of the target slew angle while   refers to the angle 
difference of when a full HC (180º) is made compared to when the cone of EHC is 
generated. As mentioned above, the cones of EHC are not the full cones as HC and that 
is why the term concatenation of two identical SAS is used. 
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Figure 3-29: EHC manoeuvre in Mercator plot acquired from [9]. 
 The first step taken by the current EHC is the calculation of k  in which it is the 
same first step taken by the current DHC, except that the rounding function used is 
either ‘floor’ or ‘ceiling’. The following Equation 3.13 is used for the above purpose: 
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2
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 The first HC is then initiated the same as the current DHC except for the time 
of the cancellation pulse. For a normal HC, the cancellation pulse is fired at exactly 
Nk )12(   while, for the EHC, it is fired after the mentioned time. The HC will not 
be exactly 180º but will be less or more depending on the rounding function of either 
‘floor’ or ‘ceiling’. The second HC for the EHC is made with the same properties as the 
first HC, making a mirror image of the first HC resulting in an identical non-180º HC 
[11]. The details of this manoeuvre can be further referred to in [7], [8] and [11] as the 
scope of this thesis is to introduce the new EHC-A that is used for an asymmetric 
prolate spinner. 
 The new EHC-A introduced the asymmetrical property to three parts of the 
current EHC, which is the determination of k , the calculation of N  and H . Equation 
3.16 previously showed the method of determining k  for the current EHC, while the 
following Equation 3.17 and 3.18 show the calculation of N  and H  for the same 
algorithm [11]. These Equation 3.16 and Equation 3.17 have been explained previously 
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as in the derivation of Equation 3.13 and Equation 3.5 while Equation 3.18 is explained 
as below by deriving it from Equation 3.9 and Equation 3.11: 
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 For the new EHC-A, Equation 3.16 to Equation 3.18 is redefined as the 
following Equation 3.19 to 3.21. Equation 3.19 is derived by replacing the term 

1
 in 
Equation 3.16 with the previous Equation 3.14. Equation 3.20 is the same as the 
previous Equation 3.7 while Equation 3.21 is made by replacing the tI  in Equation 3.18 
with the new definition derived in Equation 3.8. 
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3.3.2 Simulation results 
The results for the comparison between the current EHC and the new EHC-A can be 
referred to in Table 3-14 and Table 3-15 : 
 
Table 3-14: Comparison between the current EHC and the new EHC-A using the 
previous performance indicator 
Case 
Current EHC New EHC-A 
H  Z  H  Z  
zyx III   31.9176 deg 26.1380 deg 14.9092 deg 0.5931 deg 
zxy III   4.0864 deg 1.2600 deg 0.9278 deg 0.3348 deg 
 
Table 3-15: Comparison between the current EHC and the new EHC-A using the 
new performance indicator 
Case 
Current EHC New EHC-A 
Min. Angle 
Deviation 
Max. Angle 
Deviation 
Min. Angle 
Deviation 
Max. Angle 
Deviation 
zyx III   5.7796 deg 58.0556 deg 14.3161 deg 15.5023 deg 
zxy III   2.8264 deg 5.3464 deg 0.5930 deg 1.2626 deg 
 
 For the new EHC-A, it can be clearly seen that there is a significant 
improvement in both H  and Z . This improvement can be seen for the Z  resulting 
in a more stable end attitude of the spacecraft. The same case as the DHC can be said as 
being the main reason for this improvement, where the better attitude after the first HC 
contributes to the final performance of this new EHC-A. 
 Referring to Table 3-15, the minimum deviation angle achieved by the EHC-A 
is bigger than the minimum deviation angle acquired using the current EHC for the first 
case. This is due to the resulting Z , of the current EHC that is large (26.1380 deg) 
that compensated the resulting H  while for the new EHC-A, Z  is small and when 
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the minimum angle deviation is calculated, the value has not changed much form the 
resulting H . As mentioned before in Section 3.2.2, Equation 3.4 can be referred to 
understand this better. As noted previously, the gap between the maximum and the 
minimum deviation angle is more crucial than just the indication of the minimum 
deviation angle by its own where a bigger gap will result to the unstable final attitude of 
the spacecraft. 
3.3.3 Analytical studies on accuracy & costs 
3.3.3.1 Analysis on accuracy 
The new EHC-A is also simulated and compared to the current EHC algorithm and the 
results can be seen in Table 3-16, Table 3-17 and Table 3-18. The previous accuracy 
indicator is still being used, as has been done in Section 3.1.3 and 3.2.3 in order to 
determine the difference in both H  and Z . As usual, the new accuracy indicator is 
plotted in Figure 3-30 to Figure 3-35 to determine the final attitude of the manoeuvre. 
 
  
Chapter 3: Novel Single-thruster Slew Control Algorithms 
Abadi Chanik - November 2017   61 
Table 3-16: Comparison between the current EHC and the new EHC-A using the 
previous performance indicator for 0.4 rad/s initial spin rate. 
Target slew 
angle (degree) 
Current EHC New EHC-A 
H  (degree) Z  (degree) H  (degree) Z  (degree) 
5 0.0025 0.0220 0.0079 5.7906 x 10-6 
10 0.0066 0.0445 0.0169 4.5363 x 10-5 
15 0.0126 0.0676 0.0283 1.5548 x 10-4 
20 0.0210 0.0920 0.0432 3.7672 x 10-4 
25 0.0323 0.1177 0.0631 7.5626 x 10-4 
30 0.0480 0.1454 0.0648 4.5343 x 10-4 
35 0.0699 0.1751 0.0649 7.9138 x 10-4 
40 0.1009 0.2074 0.0638 0.0013 
45 0.1089 0.0916 0.0637 0.0021 
50 0.0990 0.1109 0.0668 0.0031 
55 0.0860 0.1381 0.0744 0.0048 
60 0.0761 0.1639 0.0822 0.0067 
65 0.0667 0.1961 0.0907 0.0095 
70 0.0608 0.2325 0.0998 0.0131 
75 0.0689 0.2732 0.1178 0.0179 
80 0.1106 0.3184 0.1617 0.0241 
85 0.2042 0.3722 0.2486 0.0319 
90 0.3466 0.4280 0.1650 0.0155 
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Table 3-17: Comparison between the current EHC and the new EHC-A using the 
previous performance indicator for 0.8 rad/s initial spin rate. 
Target slew 
angle (degree) 
Current EHC New EHC-A 
H  (degree) Z  (degree) H  (degree) Z  (degree) 
5 0.0051 0.0221 0.0087 5.7273 x 10-6 
10 0.0185 0.0447 0.0235 4.5611 x 10-5 
15 0.0404 0.0681 0.0469 1.5664 x 10-4 
20 0.0704 0.0929 0.0797 3.8028 x 10-4 
25 0.1081 0.1192 0.1223 7.6487 x 10-4 
30 0.1537 0.1474 0.1590 4.7091 x 10-4 
35 0.2074 0.1779 0.2080 8.2396 x 10-4 
40 0.2700 0.2110 0.2650 0.0014 
45 0.3373 0.0942 0.3299 0.0022 
50 0.4005 0.1165 0.4022 0.0033 
55 0.4694 0.1422 0.4812 0.0049 
60 0.5426 0.1718 0.5662 0.0070 
65 0.6187 0.2054 0.6568 0.0099 
70 0.6964 0.2433 0.7533 0.0137 
75 0.7754 0.2856 0.8573 0.0187 
80 0.8577 0.3324 0.9725 0.0251 
85 0.9488 0.3839 1.1061 0.0332 
90 1.0602 0.4400 1.1903 0.0171 
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Table 3-18: Comparison between the current EHC and the new EHC-A using the 
previous performance indicator for 1.2 rad/s initial spin rate. 
Target slew 
angle (degree) 
Current EHC New AEHC 
H  (degree) Z  (degree) H  (degree) Z  (degree) 
5 0.0105 0.0222 0.0124 6.2156 x 10-6 
10 0.0410 0.0451 0.0429 4.6529 x 10-5 
15 0.0912 0.0690 0.0938 1.5932 x 10-4 
20 0.1607 0.0944 0.1651 3.8728 x 10-4 
25 0.2490 0.1216 0.2568 7.8072 x 10-4 
30 0.3557 0.1508 0.3575 5.0081 x 10-4 
35 0.4805 0.1826 0.4824 8.7933 x 10-4 
40 0.6236 0.2171 0.6259 0.0015 
45 0.7870 0.1017 0.7874 0.0023 
50 0.9593 0.1257 0.9666 0.0035 
55 1.1466 0.1535 1.1627 0.0052 
60 1.3476 0.1851 1.3753 0.0075 
65 1.5611 0.2210 1.6041 0.0106 
70 1.7860 0.2613 1.8494 0.0146 
75 2.0218 0.3061 2.1123 0.0199 
80 2.2692 0.3556 2.3950 0.0267 
85 2.5308 0.4099 2.7019 0.0353 
90 2.8120 0.4689 2.9757 0.0197 
 
 From the results, the first significant improvement that can be deduced is the 
large reduction of the Z  when the new EHC-A is used. The reduction of error ranges 
between 91.3 and 99.9 % from the Z  achieved by the current EHC. However, the 
accuracy in terms of H  has mostly decreased with this new EHC-A, with an average 
of 44.2% for Table 3-16, 11.9% for Table 3-17 and 3.7% for Table 3-18. Although there 
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are only a few target angles that show improvement in H  using this new algorithm, 
the results show that H  accuracy is improving with the increase of the initial spin rate 
relative to the H  accuracy achieved by the current algorithm. 
 For a practical sense, although the target angle has been closely achieved via 
the manoeuvre, the mission will still be jeopardised if the residual nutation is large, 
creating an unstable final attitude for the spacecraft. Accordingly, the result is plotted 
using the new accuracy measurement method and can be seen in Figure 3-30 to Figure 
3-35. 
 
 
Figure 3-30: Comparison between the current EHC and the new EHC-A for 0.4 
rad/s initial spin rate. 
 
 
Figure 3-31: Comparison between the current EHC and the new EHC-A for 0.8 
rad/s initial spin rate. 
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Figure 3-32: Comparison between the current EHC and the new EHC-A for 1.2 
rad/s initial spin rate. 
 
 
Figure 3-33: Comparison between three different initial spin rates for the current 
EHC. 
 
 
Figure 3-34: Comparison between three different initial spin rates for the new 
EHC-A. 
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Figure 3-35: Comparison between three different initial spin rates for both EHC 
algorithms. 
 
 As predicted, the results show a very stable final attitude for the new EHC-A. 
This can be seen by comparing the plot in Figure 3-33 and Figure 3-34. The maximum 
angle deviation for the new EHC-A algorithm is better than the current algorithm. These 
figures show how much the final attitude of the spacecraft moves unsteadily around the 
target angle. For a spacecraft with an unsteady final attitude, it is hard to do the second 
manoeuvre to rectify the slew in order to correct the attack angle compared to a more 
stable spacecraft condition, where the rectification can easily be performed and a correct 
angle of attack can be achieved. 
3.3.3.2 Analysis on energy efficiency and time consumption 
The next analysis carried out for the new EHC-A algorithm compares the needed 
angular momentum impulse and the slew time with the current algorithm. This is done 
in order to determine the overall performance of the new algorithm from a crucial point 
of view for the operation. The energy efficiency is gauged by measuring the needed 
angular momentum for the manoeuvre. 
 For both the new EHC-A and the current EHC, the amount of the angular 
momentum needed is foreseen to be the same, as the nutation angle,   is calculated 
directly using the target slew angle without any influence from the physical properties 
of the spacecraft. The following Figure 3-36 can be referred to for the plot: 
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Figure 3-36: Angular momentum needed for both EHC manoeuvres with all three 
initial spin rates. 
 
 As mentioned, both the new and the current algorithms need the same amount 
of angular momentum impulse as the nutation angle,   is the same. The only 
conclusion made from the result is that the needed angular momentum impulse 
increases with the increase of the initial spin rate, proving the statement made in [18]. 
For the time consumption, Figure 3-37 to Figure 3-39 show the data obtained from the 
same simulation: 
 
 
Figure 3-37: Time consumed for both EHC manoeuvres with initial spin rate of 0.4 
rad/s. 
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Figure 3-38: Time consumed for both EHC manoeuvres with initial spin rate of 0.8 
rad/s. 
 
 
Figure 3-39: Time consumed for both EHC manoeuvres with initial spin rate of 1.2 
rad/s. 
 
 From the results, it can be seen that the slew time for both EHC manoeuvres is 
comparable with the time taken by the new EHC-A, which is slightly longer, with the 
exception of some target angles. The difference in the manoeuvre time between the two 
EHCs decreases with the increase of the initial spin rate. For this simulation, the new 
EHC-A completed the slew manoeuvre 1-9 ms slower for 0.4 rad/s initial spin rate, 4-5 
ms slower for the 0.8 rad/s initial spin rate and 2-4 ms slower for the 1.2 rad/s initial 
spin rate. For the target angle of 30, 35, 40 and 90 degrees, the new EHC-A completed 
the slew much earlier than the current algorithm in 31.4 s for the 0.4 rad/s initial spin 
rate, 15.7 s for the 0.8 rad/s initial spin rate and 10.5 s for the 1.2 rad/s initial spin rate. 
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 This faster time taken by the new EHC-A for the certain target angles is due to 
the fact that the value of k  calculated for that angle is smaller, while the current 
algorithm k  value remained the same. The reduced value of k  has made the time to 
cancel the first HC to be earlier, hence a faster slew time is observed. 
 
3.4 New algorithm analysis using pseudo-real time simulation 
The simulation done previously was conducted using Matlab Simulink® where real-
time factor such as the thruster response time and gravity are not taken into 
consideration. Hence, another method of performing the simulation to emulate a real 
mission condition is performed and discussed in this section. 
 The investigation on the effect of the thruster response time is made first. As 
mentioned in [28] the fastest response time for a small thruster suitable for this mission 
is 2.5 ms. However a faster thruster response time will result in a smaller thrust. From 
the survey in [28], 2.5 ms thruster response time can only give a thrust of 0.04 N and the 
slowest response time of 10 ms can give up to 105 N of thrust. Nonetheless, this 
configuration is dependable on the design and type of the thruster but the rule of thumb 
would be a faster response time will give a weaker thrust while a slower response time 
will result in a stronger thrust. 
 For the purpose of the first simulation, the testbed design that has been 
developed for this research is used. The performance of the algorithms is investigated 
for a thruster response time of 0.1, 1 and 10 ms. Only HC-A slew algorithm is used in 
this analysis as previously mentioned in [19], all HC-derived algorithms has the same 
effect on perturbation in thruster firing time that relates directly to this thruster response 
time. The appropriate thruster response time will then be used for the next investigation 
on the effect of gravity. 
 Once the analysis in term of the thruster response time is done, the simulation 
during the penetrator operational situation is conducted. The penetrator will be released 
from the orbiter and descended towards the surface of the target celestial body by the 
help of gravity. For this simulation, the penetrator is simulated in the range of 0 – 10 
ms-2 of gravity acceleration with the inclusion of moon and mars gravity. Comparison 
between these different gravity condition is made and concluded. In detail, the 
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manoeuvre is made towards the gravity (the surface of the celestial body) as this is the 
mission scenario assigned to the penetrator. 
3.4.1 Parameters used for simulation 
For the first simulation on the effect of thruster response time, the design of the testbed 
which is described in the next chapter is used. This testbed design can be seen in 
Section 4.8 of Chapter 4. The parameters for the simulation are set as in Table 3-19 
below: 
Table 3-19: The parameters for investigating the effect of a different thruster 
response times 
Parameters Value 
xI  (kg.m2) 4.4499137201 
yI (kg.m2) 4.4543751861 
zI (kg.m2) 0.6982751466 Target slew angle (deg) 90 Initial Spin Rate (rad/s) 0.8 Thrust (N) 2.0 Thruster Response Time (ms) 0.1, 1 & 10 Gravity (ms-2) 0 Slew algorithm HC-A 
 
For the second simulation on the effect of gravity towards the performance of the slew 
control algorithms, the parameters are set as in Table 3-20. The design of the penetrator 
that is used in this simulation can be seen in the following Figure 3-40. 
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Table 3-20: The parameters for investigating the effect of a different gravity 
conditions 
Parameters Value 
xI  (kg.m2) 0.1517345782 
yI (kg.m2) 4.9650156481 
zI (kg.m2) 4.9573847195 Target slew angle (deg) 90 Initial Spin Rate (rad/s) 0.8 Thrust (N) 1.0 Thruster Response Time (ms) 1 Gravity range (ms-2) 0 - 10 Gravity for Moon (ms-2) 1.622 Gravity for Mars (ms-2) 3.711 
 
 For this simulation, the penetrator is initially oriented with its x-axis (refer 
Figure 3-40) coincides with the orbiter roll axis (direction of travel), y-axis coincides 
with the orbiter pitch axis and z-axis points towards the surface of the celestial body. 
The penetrator is released from the orbiter and then guided to the intended surface via 
transfer orbit using the penetrator’s decent module also known as peri-centre lowering 
manoeuvre in [3]. 
 Once arrived at the intended location, de-orbit burn is initiated and the 
penetrator is in free-fall and spinning along its x-axis. It is then reoriented using this 
single thruster slew control algorithm to achieve a target angle ( 90 degree) to 
penetrate the surface of the target. Referring to Figure 3-40, the penetrator is reoriented 
from the x-axis to the z-axis towards the surface of the celestial body. 
 During free-fall, the influence of the gravity is experienced by the penetrator. 
In this simulation, the penetrator is simulated free falling in the gravity range of 0 – 10 
ms-2 with the inclusion of the moon and mars gravity. 
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Figure 3-40: Penetrator model used 
3.4.2 Methodology used for investigating the performance in a different 
thruster response times 
Simulating reality with MD Adams [31] can be made via adjusting the step time taken 
for the motion of the actuated spacecraft. For a simulation with 10 ms of step time, the 
motion of the simulated spacecraft will be updated every 10 ms. An example of the time 
schedule of a thruster to be turned on and off at 2.342757 and 3.128314 second is taken 
into consideration for the following discussion. For a simulation that is run with a 10 ms 
step time, the time for the thruster to be turned on and off will be at 2.350000 and 
3.130000 second. A delay of 7.243 ms for turning on and 1.686 ms of turning off is 
foreseen for this case. 
 The same concept also applied with a thruster that has a response time of 10 
ms. Hence, the analysis of determining the performance of the slew control algorithms 
in term of thruster response time is made by varying the step time used in MD Adams 
[31]. For further understanding, the above timing schedule of 2.342757 second (on) and 
3.128314 second (off) for a different thruster response time (or step time in MD Adams 
simulation) is shown below in Table 3-21. 
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Table 3-21: Thruster on/off time in a different thruster response times 
Thruster timing 
schedule 
10 ms response 
time 
1 ms response 
time 
0.1 ms response 
time 2.342757 s (on) 2.350000 s 2.343000 s 2.342800 s 3.128314 s (off) 3.130000 s 3.129000 s 3.128400 s 
3.4.3 HC-A algorithms performance with thruster response time of 0.1, 1 
and 10 ms 
The table below shows the result of the simulation done using Matlab Simulink where 
there is no delay in the thruster firing time compare to the simulation done using MD 
Adams [31] with the introduction of delay with respect to each thruster response time. 
 
Table 3-22: The HC-A slew performance in a different thruster response time 
Simulations H  (degree) Z  (degree) Matlab Simulink 21.4050 2.9032 Thruster with 0.1 ms response time 20.7481 9.7254 Thruster with 1 ms response time 20.6796 9.8124 Thruster with 10 ms response time 21.7628 10.9403 
 
From the table above, it can be clearly seen that the delay introduced by the thruster 
response time affect the performance of the slew control algorithm. A big difference can 
be seen in term of Z  between the simulation done with Matlab Simulink where there 
is no time delay and the simulation done using MD Adams with the introduction of a 
delay due to the thruster response time. 
 A slight difference is foreseen for the performance between the thruster with 
0.1 ms and 1 ms response time while a unit difference is observed for the performance 
between the thruster response time of 1 ms and 10 ms. Hence, for the next investigation 
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in term of the effect of gravity, a thruster response time of 1 ms is used. This is due to 
the total simulation time needed for the above simulation to produce the result using 0.1 
ms thruster response time in MD Adams is approximately 5 days while simulating it 
using 1 ms of thruster response time will only take approximately 4 hours. 
 Another finding made when conducting this investigation is relating to time 
needed for the thrust to produce enough force to conduct the manoeuvre. When this 
time period is long and results in the overlap of the thruster on and off time, the 
expected manoeuvre will fail. This normally occurs during the cancellation pulse of the 
first cone and the initiation pulse of the second cone for algorithms that use more than 
one HC. The occurrence could also happen between the initiation and cancellation pulse 
of one HC if the thrust produced is too weak to actuate the precession movement of the 
spacecraft. 
3.4.4 Methodology used for investigating the performance in a different 
gravity conditions 
As stated in the previous section, the difference in term of performance between 0.1 ms 
and 1 ms of thruster response time is small. Hence for this simulation a thruster 
response time of 1 ms is used. Gravity conditions within 0 – 10 ms-2 is set in MD 
Adams [31] and the manoeuvre using a modelled penetrator is observed. The 
performance is compared between the state-of-the-art and the new algorithms in these 
conditions. 
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3.4.5 HC & HC-A algorithms in 0 – 10 ms-2 gravity acceleration condition 
The result for HC & HC-A can be seen in the following Table 3-23 and Figure 3-41 – 
Figure 3-43. 
  
Table 3-23: Simulation result for HC & HC-A using the previous performance 
indicator 
Gravity condition 
HC Slew Control 
Algorithm 
HC-A Slew Control 
Algorithm 
H  (degree) Z  (degree) H  (degree) Z  (degree) No gravity (Simulink) 3.206500 0.137500 3.110800 0.042700 0 ms-2 3.061385 0.265815 3.041250 0.295590 1 ms-2 3.043700 0.327020 3.064730 0.324930 Moon gravity (1.622 ms-2) 2.994300 0.376340 3.060795 0.328705 2 ms-2 3.043700 0.327020 3.064730 0.324930 3 ms-2 3.060285 0.310465 2.994815 0.391755 Mars gravity (3.711 ms-2) 2.994300 0.376340 3.060795 0.328705 4 ms-2 3.064225 0.306525 3.044215 0.344445 5 ms-2 2.994300 0.376340 3.060795 0.328705 6 ms-2 2.994300 0.376340 3.060795 0.328705 7 ms-2 3.060285 0.310465 2.994815 0.391755 8 ms-2 2.994300 0.376340 3.060795 0.328705 9 ms-2 2.994300 0.376340 3.060795 0.328705 10 ms-2 2.994300 0.376340 3.060795 0.328705 
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Figure 3-41: H  for HC & HC-A within 0 – 10 ms-2 gravity acceleration 
 
 
Figure 3-42: Z  for HC & HC-A within 0 – 10 ms-2 gravity acceleration 
 
 
Figure 3-43: Comparison between the current HC and the new HC-A in the 
minimum and maximum angle deviation for gravity condition from 0 – 10 ms-2 
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It can be seen from the results that the performance of both algorithms is comparable at 
certain gravity condition, with either HC or HC-A performs better. The gap between the 
minimum and maximum angle deviation is also comparable with the gap of below 1 
degree. However the noticeable trend for both algorithms is that when H  increases 
Z  will decrease. 
 The plot of the manoeuvred angle vs slew time can be seen in Figure 3-44 for 
both HC & HC-A in moon and mars gravity to better understand the movement. The 
final attitude that determines the stability of the spacecraft can be seen in the zoom in 
plot (Figure 3-45) that clearly shows the oscillation resulted by this manoeuvre. 
 
 
Figure 3-44: Manoeuvred Angle vs Slew Time for HC & HC-A in Moon and Mars 
gravity 
 
 
Figure 3-45: Zoom in at the final attitude for manoeuvre in Figure 3-44 (Moon & 
Mars have the same result for both HC & HC-A) 
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3.4.6 DHC & DHC-A algorithms in 0 – 10 ms-2 gravity acceleration 
condition 
The result for DHC & DHC-A can be seen in the following Table 3-24 and Figure 3-46 
– Figure 3-48. 
Table 3-24: Simulation result for DHC & DHC-A using the previous performance 
indicator 
Gravity condition 
DHC Slew Control 
Algorithm 
DHC-A Slew Control 
Algorithm 
H  (degree) Z  (degree) H  (degree) Z  (degree) No gravity (Simulink) 3.187600 0.028700 3.225700 0.002700 0 ms-2 1.241085 0.461465 1.403550 0.166770 1 ms-2 1.247445 0.430035 1.408045 0.179795 Moon gravity (1.622 ms-2) 1.198960 0.482170 1.408405 0.180435 2 ms-2 1.247445 0.430035 1.408045 0.179795 3 ms-2 1.247445 0.430035 1.408405 0.180435 Mars gravity (3.711 ms-2) 1.241170 0.436540 1.408405 0.180435 4 ms-2 1.198960 0.482170 1.408135 0.179955 5 ms-2 1.241170 0.436540 1.409210 0.181880 6 ms-2 1.241170 0.436540 1.409210 0.181880 7 ms-2 1.241170 0.436540 1.408135 0.179955 8 ms-2 1.266280 0.410520 1.408045 0.179795 9 ms-2 1.247445 0.430035 1.408045 0.179795 10 ms-2 1.241170 0.436540 1.409210 0.181880 
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Figure 3-46: H  for DHC & DHC-A within 0 – 10 ms-2 gravity acceleration 
 
 
Figure 3-47: Z  for DHC & DHC-A within 0 – 10 ms-2 gravity acceleration 
 
 
Figure 3-48: Comparison between the current DHC and the new DHC-A in the 
minimum and maximum angle deviation for gravity condition from 0 – 10 ms-2 
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The performance in term of H  for the current state-of-the-art surpasses the new DHC-
A approximately in 0.2 degree. However for Z  the new DHC-A outperforms the 
current DHC in approximately 0.25 degree with a steady performance for the entire 0 – 
10 ms-2 of gravity acceleration range. For the current DHC, there is an increase and 
decrease of performance for H  and Z  when the gravity acceleration is closer to 2 
and at 4 ms-2. This trend has been observed in the previous HC & HC-A simulation 
where the decrease in H  will result in the increase of Z . 
 For the angle deviation, DHC-A performs better as the gap in the deviation 
angle is about 0.4 degree while DHC provide a gap approximately 0.9 degree. This 
shows that the new DHC-A is more stable in term of its final attitude and its 
performance for the gravity acceleration range of between no gravity to 10 ms-2 gravity 
acceleration. 
 The plot of the manoeuvred angle vs slew time can be seen in Figure 3-49 for 
both DHC & DHC-A in moon and mars gravity to better understand the movement. The 
final attitude that determines the stability of the spacecraft can be seen in the zoom in 
plot (Figure 3-50) that clearly shows the oscillation resulted by this manoeuvre. 
 
Figure 3-49: Manoeuvred Angle vs Slew Time for DHC & DHC-A in Moon and 
Mars gravity 
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Figure 3-50: Zoom in at the final attitude for manoeuvre in Figure 3-49 (Moon & 
Mars have the same result for DHC-A) 
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3.4.7 EHC & EHC-A algorithms in 0 – 10 ms-2 gravity acceleration 
condition 
The result for EHC & EHC-A can be seen in the following Table 3-25 and Figure 3-51 
– Figure 3-53. 
Table 3-25: Simulation result for EHC & EHC-A using the previous performance 
indicator 
Gravity condition 
EHC Slew Control 
Algorithm 
EHC-A Slew Control 
Algorithm 
H  (degree) Z  (degree) H  (degree) Z  (degree) No gravity (Simulink) 1.456400 0.020800 1.448400 0.001600 0 ms-2 0.021195 0.206935 0.057580 0.113650 1 ms-2 0.000025 0.146485 0.036475 0.122095 Moon gravity (1.622 ms-2) 0.003235 0.149025 0.002585 0.093515 2 ms-2 0.009790 0.139180 0.026710 0.114330 3 ms-2 0.039080 0.119590 0.026710 0.114330 Mars gravity (3.711 ms-2) 0.009790 0.139180 0.002585 0.093515 4 ms-2 0.039080 0.119590 0.002585 0.093515 5 ms-2 0.000025 0.146485 0.036475 0.122095 6 ms-2 0.003235 0.149025 0.039735 0.124785 7 ms-2 0.003235 0.149025 0.039735 0.124785 8 ms-2 0.003235 0.149025 0.026710 0.114330 9 ms-2 0.009790 0.139180 0.002585 0.093515 10 ms-2 0.009790 0.139180 0.039735 0.124785 
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Figure 3-51: H  for EHC & EHC-A within 0 – 10 ms-2 gravity acceleration 
 
 
Figure 3-52: Z  for EHC & EHC-A within 0 – 10 ms-2 gravity acceleration 
 
 
Figure 3-53: Comparison between the current EHC and the new EHC-A in the 
minimum and maximum angle deviation for gravity condition from 0 – 10 ms-2 
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The performance of EHC-A in term of H  is comparable at certain gravity condition, 
with either EHC or EHC-A performs better. For Z , EHC-A can be seen to have a 
better performance throughout the simulated gravity condition compared to EHC . 
However, the previous trend of having a better performance of H  while a Z  worse 
at the same gravity condition is not happening for EHC-A. It can be seen that at 
approximately 2, 4 and 9 ms-2 of gravity acceleration, performance for both H  and 
Z  is at its best. The trend still valid for EHC where the decrease of error for Z  at 
approximately 3 and 4 ms-2 of gravity acceleration results in the increase of error for 
H  for the same gravity condition. 
 The gap between the minimum and the maximum angle deviation for both 
EHC and EHC-A is comparable at certain gravity, with either EHC or EHC-A performs 
better. The plot of the manoeuvred angle vs slew time can be seen in Figure for both 
EHC & EHC-A in moon and mars gravity to better understand the movement. The final 
attitude that determines the stability of the spacecraft can be seen in the zoom in plot 
(Figure ) that clearly shows the oscillation resulted by this manoeuvre. 
 
 
Figure 3-54: Manoeuvred Angle vs Slew Time for EHC & EHC-A in Moon and 
Mars gravity 
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Figure 3-55: Zoom in at the final attitude for manoeuvre in Figure 3-54 (Moon & 
Mars have the same result for EHC-A) 
 
 Analysis using computer simulation has been performed for the three novel 
slew control algorithms. The simulation was performed using the model developed via 
the Matlab Simulink model, as mentioned at the beginning of this chapter and via MD 
Adams for the investigation of the effect of thruster response time and the 
corresponding gravity. To take the analysis a step further, verification via hardware is 
proposed. The following Chapter 4 describes the design work of a modular testbed for a 
spinning spacecraft aiming at testing the algorithm in real time. The testbed is set to be a 
low-cost solution that will utilise a COTS hardware. The implementation and testing 
will also be discussed. 
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4 DESIGN & IMPLEMENTATION 
OF THE MODULAR SPINNING 
SPACECRAFT TESTBED 
This chapter will review of the current trend of testbeds that are used to verify slew 
control algorithms, extract the potential features from this review and use it to design 
the spinner testbed. These features may be implemented or highlighted as a potential 
improvement for future work. In this review, the testing medium will also be discussed 
and the trade-off exercise will be described before the final spinner testbed design is 
presented.. 
4.1 Current testbed survey 
The use of a testbed to verify the attitude control mechanism of a spacecraft is not a new 
trend, as this has been carried out as early as the beginning of spaceflight itself. The 
implementation of an air-bearing platform for this specific purpose began half a century 
ago [33]. The reason for such a testbed is to make sure that the attitude control of a 
spacecraft is thoroughly verified before the mission in space begins. A failure in the 
attitude control will result in a mission failure in most of the space mission. The section 
forward will briefly review the related testbeds that have features that can be used to 
develop the intended spinner testbed. 
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4.1.1 High-end multipurpose testbed 
As the name indicates, a high-end multipurpose testbed is one of the platforms that can 
be used to verify and run a real-time analysis of the slew control algorithms for a prolate 
spinner. As the name also indicates, this high-end platform would be an expensive 
solution, hence defying the first intention of this thesis, which is to have a low-cost 
implementation by utilising COTS components. Setting aside this difference, the 
purpose of reviewing this testbed is to find a feature that can be used in developing the 
intended testbed. 
 One of many testbeds that has been developed for spacecraft attitude 
determination and control subsystem (ADCS) verification is the ACS Test Stand 
developed in Astro- und Feinwerktechnik Adlershof GmbH, Berlin, Germany. The 
testbed can be referred in Figure 4-1 acquired from [33]: 
 
Figure 4-1: Astro- und Feinwerktechnik Adlershof GmbH ACS Test Stand 
 The testbed has an air-bearing platform with horizontal rotation up to ±20º. It 
also has a manual coarse balancing and automatic fine balancing (100 g mass in steps of 
0.01 mm) via wireless connection, resulting in a very low disturbance torque stated as 
below 10-5 Nm. The testbed has two distinctive features. The first is a magnetic field 
simulator that can simulate the Earth’s magnetic field around each axis in 1% accuracy 
using an SGP4 propagator and IGRF magnetic field model; the second is a solar 
simulator using a Hydrargyrum medium-arc iodide (HMI) vapour discharge lamp that 
rotates around the platform with a mirror to increase the homogeneity. 
 With the above features, the testbed can definitely be used to verify the slew 
control algorithms. However, the only factor to be aware of is the distribution of mass 
that is more in the transverse axes (x and y-axis). This design will not contribute to the 
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initial objective of this work, which is to have a testbed that is prolate in shape. After 
reviewing the testbed, several factors are noted as guidelines for the development. 
Firstly, the testbed should be able to give a prolate shape to assist the main objective. 
All hardware should be able to be placed closer to the spin axis in order to create a 
shape as prolate as possible. The strategy of having a two-step balancing system is 
another factor to be included. The feature of having a magnetic and solar simulator can 
be a very good inclusion to the design. 
4.1.2 Space-borne testbed 
Testbed design is not only limited to a ground-based facility. One example of this is the 
low-cost cubesat platform called STRaND, the Surrey Training, Research and 
Nanosatellite Development [34]. It is a 3-U cubesat that housed novel low-cost space 
technologies and was launched in February 2013 with the mission name STRaND-1. A 
series of experiments is planned for the STRaND-1 satellite. One of these experiments 
is the demonstration of a prolate spinner’s slew control algorithm using the 
magnetorquer on-board as the actuator. This experiment has helped in identifying the 
needs when magnetorquer is used for the actuation instead of the pioneer configuration 
of a single thruster [26]. Other than the magnetorquer on-board, the prolate shape of 
STRaND-1 has strengthened the literature regarding its usefulness as a testbed. 
 Another space-borne testbed is the Massachusetts Institute of Technology 
(MIT) Synchronized Position Hold Engage and Reorient Experimental Satellite 
(SHPERES) [35]. This testbed has a hexagonal shape with an approximate size of a 
bowling ball; it uses cold gas thrusters in 12 positions to enable it to have a 6-DOF 
movement. It is currently on-board the Japanese Experiment Module of the ISS. One 
interesting feature of this testbed is the expendable design that allows future add-ons of 
another unit. This modular design concept is implemented in the design factor to the 
spinning testbed. 
4.1.3 Application specific testbed 
A testbed is designed mostly to serve a specific purpose of verifying a new control 
method from a spacecraft development point of view. One good example is the testbed 
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developed by the Jet Propulsion Laboratory (JPL) called the Small Satellite Dynamic 
Testbed (SSDT) [36]. This testbed is specifically developed to provide a platform to test 
the attitude of the renowned CubeSat/SmallSat using an air-bearing platform that is 
planar and spherical. A significant feature of this testbed is the inclusion of a JPL-tested 
and characterised hardware and software library of CubeSat/SmallSat-sized attitude 
control components that enable the user to characterise and quickly access their system 
performance, hence optimally reducing the testing time. This feature of a software 
library for a testbed can be implemented in the spinner testbed as it uses a rapid control 
prototyping via Matlab® Simulink Real Time, where the library is kept in the host 
computer and can be rapidly loaded to the hardware to aid the testing, hence reducing 
the testing time. 
 Another application-specific testbed is the FloatCube testbed designed for 
testing a magnetic flux pinning (MFP) concept, where the method of a flux-pinned 
interface (FPI) is investigated as the potential mechanism for spacecraft docking, 
construction and reconfiguration [37]. It can be said that the uniqueness of the 
application-specific testbed contributes to the its own novelty and this is the case of the 
spinner testbed.  
4.1.4 Previously developed testbed for prolate spin-stabilised 
An oblate spherical air-bearing testing facility available in SSC has been modified to 
suit the application for the algorithm testing. This facility was a modified air-bearing 
table (ABT) and named Aquarius. Figure 4-2 acquired from [11] shows the testbed after 
the modification that has been made. 
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Figure 4-2: The previous Aquarius testbed in SSC. 
 The testbed utilised four control moment gyros (CMGs) for the actuation, 
while a novel low-cost, high-performance monocular vision system [38] was used as the 
attitude determination. However, [11] and [] have drawn up several drawbacks, which 
are listed as follows: 
 The usage of CMGs has caused the centre of the mass to change throughout the 
manoeuvre. This has contributed further to the additional induced gravity 
disturbance torque that resulted in the unbalance testing platform ; 
 The usage of CMGs also contributes to the gyroscopic disturbance when the 
reaction wheels of the CMGs are spinning in a high-speed rotation at the same 
time as the spinning testbed. This drawback, and the one previously discussed, is 
not limited to the usage of CMGs. Any spinning component on-board the 
platform, such as the cooling fan for the single board computer (SBC), will 
result in the same effect; 
 The accuracy of the developed vision system will reduce when the angular 
velocity of the testbed is increasing ; 
 The manual balancing system for the testbed is time-consuming and high 
accuracy of a balanced platform cannot be achieved. The gravity disturbance due 
to the unbalanced platform has resulted in the failure of achieving a pure 
spinning testbed before any manoeuvre can be made; 
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 The ratio of transverse and spin axis moment of inertia   for the testbed is 
relatively high compared to the typical   value used in the computer simulation. 
A value of 0.3 is determined for the former compared to a value of 0.0121 for 
the latter. This high relative value has contributed to a high possible nutation 
angle in the order of 70º. There is a limit in terms of the tilt angle for the 
spherical air bearing related to this issue; and 
 Other than the gravity disturbance torque mentioned previously, the testbed also 
had an issue of energy dissipation effect. This is likely due to the residual 
friction occurring in the air bearing . 
 
 These drawbacks are used to shape up the design of the spinner testbed. CMGs 
are replaced with cold gas thrusters, while the physical characteristics are designed to 
have a   value as low as possible. The angular velocity used throughout the manoeuvre 
is kept within the limit of the Vision System and the overall weight of the testbed is 
reduced to ease the balancing process in order to reduce the gravity disturbance torque. 
4.2 Testbed platform survey 
A survey is carried out not limited to the physical design of the testbed, but also to the 
type of the platform that is needed for carrying out the verification test. The following 
Table 4-1 shows the outcome of the survey carried out on the available mediums for the 
testbed platform. 
 
Table 4-1: Survey on testing mediums. 
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 From this survey, the advantages and the disadvantages of the medium are 
highlighted to strengthen the literature of selecting the air-bearing medium for the 
testbed platform. From both surveys, the testbed design concept is described in the 
following Section 4.3. 
4.3 Testbed design concept 
After having the required literature reviewed previously, a list of design guidelines is 
compiled to produce the design concept of the intended spinner testbed. The following 
concludes the design concept resulting from the review: 
 Earth-based space testing system; 
 Utilising an air-bearing platform to emulate microgravity; 
 To have an option of rearranging the testbed into a prolate shape with minimal 
variation in the transverse axes moment of inertia (axisymmetric shape); 
 To prevent the usage of inertial actuators such as CMG or reaction wheel, and 
utilise the external actuators such as thruster and magnetorquer to avoid centre 
of mass change during any actuation; 
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 To prevent the usage of any spinning component as part of the hardware on top 
of the spherical air bearing to avoid gyroscopic disturbance; 
 To develop a relatively compact and lightweight testbed compared to the 
existing attempt of [11] in order to minimise the effect of gravity disturbance 
torque; 
 To achieve a   range between 0.15 and 0.19 with the prolate configuration of 
the testbed. This is crucial, in order to have an optimum   range for every 
developed slew algorithm to be tested; 
 To utilise a well-known Rapid Control Prototyping (RCP) and Hardware-in-the-
loop (HIL) development technique that is Matlab Simulink Real Time; and 
 To include a magnetic field and/or sun simulator for the purpose of testing the 
magnetorquer-based algorithm or the RL slew. 
4.4 Physical design approach 
For any hardware development, the physical design strategy will need to be planned 
before the actual physical work can be started. This physical design approach is limited 
by constraints identified within the scope of the work. In the case of this spinner testbed, 
the identified constraint can be referred in the following list: 
 To develop the hardware to be as axisymmetric as possible; 
 To have a hardware shape that is prolate; 
 To have a compact design with a mass of 13-18 kg (without counterweights). 
This range is determined by following the conceptual design of the moon 
penetrator, MoonLITE, as the origin of this whole research [2]; 
 To utilise COTS components to keep the cost of the whole development as low 
as possible; and 
 To have a design that is modular. 
 
 By having the listed constraints, two possible physical design approaches can 
be utilised: the typical conventional design approach and the cubesat-like design 
strategy. The two design approaches are discussed in the following sub-section. 
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4.4.1 Physical design approach trade-off 
A conventional design approach is a typical design strategy used when developing any 
hardware. The components that are to be used have been predetermined, hence the 
interfacing strategy will also need to be designed in the early stages. Once these 
prerequisites have been known, the design of the structure will be initiated following the 
physical constraints that have been specified earlier. 
A cubesat-like design strategy, on the other hand, is inspired from the approach used for 
cubesat nanosatellite. A cubesat system and structural design is well accepted in today’s 
space missions. The stackable design based on a PC/104 industrial form factor has been 
introduced by Professor Bob Twiggs of Stanford University [47]. The concept of this 
design is to have stackable components or a subsystem enclosed within a 10 cm x 10 cm 
area with a height from 10 cm to 30 cm [48]. This constraint is due to the design of the 
deployer interface inside the launch vehicle. 
 The physical design approaches have advantages and disadvantages of their 
own. Table 4-2 shows these strengths and weaknesses for the later conclusive purposes. 
 
 
 
Table 4-2: Strengths and weaknesses of the related physical design approaches. 
Design approach Advantages Disadvantages 
Conventional  The ability of 
utilising the 
available physical 
space. By having 
this flexibility, the 
final design can be 
made compact and 
rigid to the intended 
application; 
 
 Suitable for final 
production phase. 
 Not a modular design 
approach; 
 
 Not suitable for the 
development of a 
hardware intended in 
the testing phase. 
This is due to the 
need for determining 
the required 
components in the 
early stage; 
 
 Longer development 
time is needed if 
additional component 
or subsystem is 
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required at a later 
stage. This is caused 
by the need to revisit 
the earlier interfacing 
and structure design 
of the proposed 
hardware. 
Cubesat-like  Easy for any 
system addition or 
reduction within its 
development period 
due to stackable 
design concept; 
 
 A modular design 
approach; 
 
 A prolate structure 
can be easily 
achieved using the 
stacking of a 
component or 
subsystem concept; 
and 
 
 Rapid hardware 
development 
strategy for 
algorithm 
development and 
testing phase. 
 Limited design 
flexibility and 
useable COTS due 
to the predetermined 
physical constraint. 
 
 The above clearly shows that a physical design approach by utilising a cubesat-
like development is suitable for the testbed development. The key factor is that a 
modular design approach is needed for this development stage, hence the latter strategy 
is selected. 
4.5 System design approach 
Apart from the physical design strategy, a system design approach is needed to be 
determined for the spinner testbed. Before deciding the best solution for the said 
approach, the following notes are acknowledged: 
 A testbed will be used in the algorithm development and testing phase, where 
the iteration of algorithm design cycle is foreseen; and 
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 As the target for the physical design strategy is to be modular, so will the nature 
of the system design approach. 
 Two common system design strategies can be implemented for the said 
testbed; they are the conventional system design and the RCP-HIL based design 
strategy. The conventional system design approach can be referred to in Figure 4-3. In 
comparison, the RCP-HIL based design flow can be referred to in Figure 4-4. 
 
 
Figure 4-3: Conventional system design approach 
 
 
Figure 4-4: RCP-HIL based system design approach 
4.5.1 System design approach trade-off 
Referring to the previous Figure 4-3 and Figure 4-4, these two-system design 
approaches are merely the same. The only differences lie within the execution time for 
each steps and the time needed to execute an iteration of a cycle or a sub-cycle within 
the flow. For the conventional system design flow, the time needed to implement STEP 
2 to STEP 4 in Figure 4-3 is much slower than executing the same task from STEP 2 to 
STEP 4 for the RCP-HIL based system design methodology. This is not a significant 
problem, as some of the techniques such as the visual programming can be implemented 
in the conventional system design, while the time needed to compile and download the 
code to MCU or FPGA is becoming faster nowadays. 
 The deciding factor would come from the ease of use and the less time needed 
for implementing iterations of the system design cycles using the RCP-HIL based 
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design approach compared to the conventional design strategy. As noted earlier in the 
previous section, the testbed will be used in the development and testing phase, where 
iterations of the system design cycle are foreseen. The RCP-HIL based design approach 
will suit this requirement. Other than that, the visual programming within the RCP-HIL 
based method will contribute to the modularity of the system design process. Any 
additional element in the system design can be easily performed visually compared to 
the traditional method of line-by-line coding. As a result, the RCP-HIL system design 
approach is preferable compared to the conventional system design methodology. 
 For a further trade-off analysis, two common RCP-HIL system design 
approaches will be briefly discussed. The first one will be the Matlab® Simulink-xPC 
Target system design approach. Any algorithm that has been designed using Matlab® 
Simulink can automatically be generated into code to be downloaded to the x86-based 
target computer for HIL testing. The real-time simulation can also be done within the 
Simulink without the need for downloading the code to the target computer. This is 
done by providing the needed external stimuli to Simulink to create a real-time 
environment. 
 Similar to the Matlab® based system design approach, the LabVIEW visual 
programming tool can also be used. LabVIEW can be paired with a selected Field 
Programmable Gate Array (FPGA) in order for the HIL testing to be done. The method 
is implemented via the Reconfigurable Input/Ouput (RIO) hardware that has been 
developed by National Instrument. Selected FPGA has been embedded in this RIO 
hardware. The following Figure 4-5 shows an example of the RIO hardware. 
 
Figure 4-5: RIO hardware with Xilinx Spartan-6 LX45 FPGA 
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 For the spinner testbed, Matlab® Simulink Real Time is implemented. This is 
due to the already available hardware and the algorithms simulator that has been 
developed via Matlab® Simulink. 
4.6 Other designing factors 
Apart from the main designing factors analysed above, there are other factors that need 
to be determined before the preliminary design process can be initiated. In contrast, 
these factors can be clearly seen as the reason for the selection as portrayed in the listed 
design concept. These factors are the actuator selection, attitude determination method 
and the balancing strategy. The following sections will discuss the mentioned factors. 
4.6.1 Actuator selection 
As indicated at the beginning of this chapter, the actuator for the intended testbed 
should not be selected from any inertial-based actuator. This is to make sure that the 
inertial property of the testbed will not change during any triggered actuation. The 
common actuators that meet this criterion are the thruster and the magnetorquer. 
Coincidently, the current development of the control algorithms is based on these 
actuators. For the testbed, the actuation based on the thruster is used. 
4.6.2 Attitude determination selection 
For attitude determination, the developed Vision System [38] is used and the migration 
of this system from the previous testbed mentioned in sub-section 4.1.4 to the new 
spinner testbed is carried out. During the migration process, several bugs have been 
identified within the system and rectified. The calibration process is also documented 
and the detail of this migration process is described in Figure 4-21. 
4.6.3 Balancing strategy 
As a result of using the air bearing as the platform, the balancing strategy of the testbed 
will be a crucial designing factor. After preparing the literature review on the previous 
testbed, the following conclusions are made on the design of the balancing subsystem: 
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 Two sets of balancing systems would be needed. A heavy mass for the coarse 
balancing and a light mass for the fine tuning; 
 Coarse balancing via heavy masses will be done manually, while the fine tuning 
via light masses will be done automatically; and 
 The weight and the location of the heavy masses will be determined via a CAD 
tool such as Solid Edge®. 
4.7 System block diagram 
By having the design concept determined and the preliminary trade-off analyses done, 
the preliminary system block diagram can be proposed. Figure 4-6 shows the block 
diagram for the spinner testbed using the Matlab® Simulink Real Time as the RCP-HIL 
tool. The spinner testbed CAD is next section to give a clearer view of the physical 
design of the spinner testbed. The overall design will also be described and the testing 
carried out with the corresponding result will also be discussed. 
Matlab® Simulink-xPC 
Target
LabVIEW VI
Vision System
Wireless Access Point
Input/Ouput (I/O) Board
C
Propulsion 
Controller Board
Cold Gas 
Thruster System
Electrical Power 
Supply
wireless link
Target Hardware
Host PC
Webcam
x86 Single Board Computer 
(SBC)
 
Figure 4-6: System block diagram for Matlab xPC prototyping environment. 
4.8 Physical implementation overview 
The design of the spinner testbed is developed based on the guidelines that have been 
determined in Chapter 4, while further trade-off analyses on each subsystem are detailed 
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in the following sections. A cubesat-like approach is adopted and the CAD model of the 
spinner testbed can be referred to in Figure 4-7. From the model, the mass properties of 
the testbed are determined and listed as follows: 
1. Total weight = 42.39 kg 
2. Ix = 9.4134 kg.m2 
3. Iy = 9.4150 kg.m2 
4. Iz = 1.8428 kg.m2 
5.   = 0.196 
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Figure 4-7: CAD for the spinning testbed in prolate mode 
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The previous  shows the testbed in the prolate arrangement. However, the testbed can 
also be arranged in a flatbed configuration. This is one of the modular aspects of the 
testbed to fulfil any future requirement if needed. The following Figure 4-8 can be 
referred to in order to further describe this feature. 
 
Figure 4-8: LEFT: Testbed configuration in prolate; RIGHT: flatbed setting. 
4.9 On-board computer (OBC) 
As mentioned in Section 4.5.1, the system design approach for the testbed is to adopt 
the RCP-HIL system design architecture. The selection of a target OBC for this kind of 
design approach is dependent on the type of RCP-HIL software that is going to be used. 
As for the software, Matlab® Simulink Real Time is selected. For this software, several 
hardware requirements have been listed and can be referred to on the Matlab® website 
for the latest information. The important aspect to be taken into account is that there is a 
list for the supported chipset for the communication between the host and the target 
hardware. There is also a list of the supported input/output (I/O) modules that work with 
this software, apart from the target hardware that is needed to be PC-compatible. These 
are the requirements that are to be followed when choosing the OBC for the spinner 
testbed. 
 There are various selections of a PC-compatible target OBC that can be used 
with Matlab® Simulink Real Time. However, for the testbed application, a compact 
PC-compatible target OBC is preferred. The choices are narrowed down to a single 
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board computer that fits the specification. The following  shows the flowchart of the 
selection process for the suitable target OBC for the testbed. 
 
Figure 4-9: Target OBC form factor selection 
 As can be seen in the flowchart, the final selection criterion for those target 
OBCs is their form factor. This form factor will determine the suitability of the target 
OBC to follow the design concept of having a small and compact hardware for the 
testbed. It is no doubt that the PC/104 is the most suitable form factor for this 
application. With a supported chipset and a supported PC/104 I/O module, this 
hardware combination can be utilised as the target OBC for the testbed occupying a 
volume of only 10 cm x 10 cm x 10 cm. 
 Although the decision was made to utilise the PC/104 form factor target OBC, 
the final say will be determined by the cost of the hardware. In order to keep the cost at 
a minimum, the existing PCISA form factor SBC and PCI form factor I/O cards from 
the predecessor testbed are used. This old configuration of the target OBC will occupy a 
volume of 13 cm x 13 cm x 20 cm. Instead of having the same structure that has been 
utilised by a cubesat for a PC/104 form factor, a customised structure is designed to 
house this PCISA form factor target OBC. 
 As the initial intended dimension to have a 10 cm x 10 cm frame area cannot 
be realised, a new dimension of 15 cm x 15 cm is determined to house the existing SBC 
from the old testbed. The height of each subsystem is varied according to the need to 
house the required component. For example, the frame to house the OBC will be 
designed to have a height of 20 cm. Hence, a dimension of 15 cm x 15 cm x 20 cm is 
foreseen to the OBC. The following Figure 4.7 shows the design CAD for the testbed 
OBC. 
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Figure 4-10: CAD model of the testbed OBC with the intended frame. 
4.10 Electrical power subsystem (EPS) 
After the OBC of the testbed hardware is determined, the next step is to decide the 
suitable power supply system for the testbed. Although the testbed is a ground-based 
testing system, the power supply from the mains cannot be used as the hardware needed 
to be ‘levitated’ on the air-bearing platform. Therefore, a power supplied by a battery is 
needed. The next factor to be determined is the voltage level for the operating voltage 
needed by the testbed. The crucial determinant is the operating voltage needed by the 
OBC of the testbed. 
 The OBC for the Matlab® environment would need a 12 VDC nominal power 
supply. Hence, a battery with a nominal voltage of 12 VDC will be used. A wide type of 
battery can provide this kind of nominal voltage. For a portable design, Nickel-
Cadmium, Nickel-Metal Hydride and Lithium-Ion would be chosen; among these three, 
Lithium-Ion is preferable due to its higher energy density [49]. Other than that, a 
Lithium-Ion battery has the lowest cost among the three mentioned types, with 
additional advantages such as no memory effect, long shelf-life and rapid charge 
capability [50]. 
 By having this 12 VDC nominal voltage, a regulated 3.3 VDC, 5 VDC and 12 
VDC can be achieved using the existing DC-DC converter from the previous testbed. 
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The other subsystems are designed to operate within these available voltage supplies. 
An additional DC-DC converter is fitted to the EPS to power up the infrared LED 
(IrLED) for the Vision System. Once this voltage is determined, the next crucial factor 
is to find a suitable battery capacity to be used. Table 4-3 shows the justification on the 
required battery capacity needed. 
Table 4-3: Battery capacity calculation 
Component Voltage (V) 
Typical 
Current (A) 
Operation 
in 1 hour 
Wh 
JUKI SBC 12 1.7 100 % 20.4 PCI I/O Modules 5 1.424 5 %g 0.356 D-Link Wireless Access Point 5 2 100 % 10 Actuators 12 0.4g 5 %g 0.24 Infrared (Ir) Markers 1.6 0.3h 100 % 0.48 Others    5g Total 36.47 Depth of Discharge (DoD) 80 % Actual Watt-hour (Wh) 36.47 / 0.8 = 45.59 Wh 
Capacityi 
45.59 Wh / 12 V ≈ 3.8 
Ah 
Notes: 
g Approximation; 
h Based on 5 Ir markers; 
i Not taking the effect of ambient temperature. 
 The DoD is set at 80% as it is a typical value set for a lithium-ion battery. As it 
is not crucial to prolong the battery life for the application of the testbed, the DoD is not 
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set at a lower value but having a DoD at 100% will greatly reduce the battery lifetime if 
the decision is to use the common lithium-ion type [51]. Having all the required factors 
determined, the following conclusions are drawn as a guideline for selecting the battery 
for the EPS of the testbed: 
 12 V nominal output voltage; 
 Lithium-Ion battery type; 
 Minimum 4 Ah of battery capacity; and 
 Can be contained within the 15 cm x 15 cm area. 
 One example of a battery with the above specification is the Tracer Lithium 
Polymer battery [52], which has the following specifications: 
 Lithium-Polymer type; 
 12 V output voltage with 8 Ah of battery capacity; 
 15.3 cm x 8 cm x 3.8 cm physical dimension; 
 Weight – 600 g; and 
 9 V discharge cut-off voltage. 
 
 However due to financial constraints, the existing two variable regulated lead-
acid (VRLA) batteries are used. The batteries are S300 Powerfit by Exide Technologies 
with the following specification: 
 Lead-Acid type; 
 12 V output voltage with 7 Ah of battery capacity; 
 15.1 cm x 6.5 cm x 9.8 cm physical dimension; and 
 Weight – 2600 g each. 
 
 Figure 4-11 below shows the CAD of the batteries assembly, with the power 
distribution system placed within the required frame stacked together with the OBC. 
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Figure 4-11: Two Powerfit S300 7 Ah batteries contained in the designed frame. 
4.11 Communication subsystem (COM) 
The selection of the COM for the testbed followed a similar concept as the OBC 
previously. As the system design approach is fixed to an RCP-HIL strategy, the COM is 
designed to cater for a link between the host PC and the target hardware for Matlab® 
Simulink Real Time. By default, a wired communication via either a serial or TCP/IP 
protocol will be used for this RCP-HIL technique. Due to the requirement of ‘levitating’ 
the target on top of the air-bearing platform, a wireless communication method is 
employed. Figure 4-12 shows the block diagram for the COM design of the spinner 
testbed. 
 
x86 Based 
Target PC
Wireless 
Access Point 
(WAP)
802.11 
wireless 
adapterwireless link
Host PCTarget Hardware On-board Microgravity Emulating 
Platform
 
Figure 4-12: Block diagram for communication subsystem of the testbed. 
 
 As can be seen from the block diagram, the OBC of the testbed is connected to 
a wireless access point (WAP) to form a wireless bridge between the target and the host 
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PC. A normal 2.4 GHz wireless connection will be used for this communication. An IP 
address is fixed for the target in a Matlab® environment. This IP address is used as the 
ID for the host PC to connect with the target in the RCP-HIL setting. 
 The selection for the type of WAP to be used as the COM subsystem of the 
testbed will not be carried out due to the availability of the existing WAP from the 
previous testbed. The D-Link DWL-2100AP WAP will be fitted in a frame with the 
base dimension of 15 cm x 15 cm. It is stacked together with the other subsystem within 
the ‘levitated’ testbed.  shows the CAD of the design COM for the testbed. 
 
Figure 4-13: CAD for WAP assembly to be stacked with other subsystems 
4.12 Attitude control subsystem (ACS) 
The spinner testbed uses a propulsion system as the ACS due to the fact that the inertial 
actuator is not fit for this purpose, as mentioned earlier in the design concept. The 
testbed is used in a normal lab environment; hence, a safety precaution is needed to be 
taken. Due to this, a cold gas thruster is utilised for the ACS. Normal compressed 
nitrogen is used as the propellant for this and it is stored in a small canister and 
connected to a miniature solenoid valve that acts as the thruster valve. Other than that, 
the system consists of the following: 
 A system for filling in or draining out the compressed air to and from the 
miniature canister; 
 A pressure regulator to regulate the system pressure within the intended value; 
 Pressure gauges to monitor the pressure; and 
 A relief valve for safety precaution. 
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 Figure 4-14 below shows the block diagram of the propulsion system for the 
ACS. 
 
Figure 4-14: Block diagram of the propulsion system for the ACS. 
 
 The first specification that needs to be determined is the type of solenoid valve 
to be used. The valve needs to be small enough for it to be fitted into the intended 
physical frame. A survey of a miniature solenoid valve revolving around the valves that 
have been developed for cubesat purposes has been carried out in [28], where seven of 
the cold gas thrusters have been reviewed. Nevertheless, these thrusters are aimed for 
the flight model and, as a result, the price is rather high and unsuitable for ground 
verification purposes. Thus, a general purpose miniature solenoid valve normally used 
for industrial purposes is considered. 
 In the review by [28], all thrusters produced the thrust within a mN range 
except for one, which has a range between 52-105 N. This is due to its size as it is 
relatively larger than the others with a maximum operating pressure of 2515 psia. 
Another interesting fact is six of those listed thrusters are manufactured by Moog except 
one, which is produced by Marotta. This statement was true when the review was 
prepared. As Marotta has been acquired by Moog, it can be said that all of the thrusters 
were manufactured by them. To confirm the price range of these thrusters, a 
representative from Moog has been contacted and a thruster flown on GIOVE-A and 
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Sumbandilasat satellite [53] was suggested. This suggested thruster can handle up to 
120 bar (≈1740 psi) of operating pressure and result in a thrust value of 9.4 N. The price 
quoted for this was £10,000 for the space-qualified version and £4,000 for the non-
space qualified. This has confirmed that these kind of thrusters are not financially fit for 
testbed purposes, hence the general purpose miniature solenoid valve is utilised. A 
valve produced by Sirai is selected and the model used is V165V01, as shown in Figure 
4-15. 
 
 
Figure 4-15: Sirai miniature solenoid valve 
 Theoretically, with the set operating pressure of 50 psi and the valve orifice 
size of 2 mm, as mentioned in the specification for this valve, a thrust of approximately 
1.08 N can be produced. Equation 4.1 below is used to calculate this. However, this is 
not the case, as will be discussed in Section 4.15.1. 
 
  Thrust (N) = Operating pressure (Nm-2) x Throat area (m2) (4.1) 
 
 The next factor to be determined is the size of the storage canister that is 
needed to store the compressed gas. As the volume of the compressed gas needed for 
the slew is dependent on the   value for the testbed itself, the selection process is 
started by selecting a canister with a size that can be fitted to the intended area. The 
following Figure 4-16 shows the flow chart used in guiding the process of determining 
the required canister size. 
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START
Suitable canister that can be fitted to 
the intended frame is selected
Lambda value of the whole testbed 
model is calculated using Solid Edge®
The lambda value, the thrust value produced by the selected valve and 
the location of the valve from the centre of rotation are used as the 
input of the slew simulation using Matlab® Simulink
Total thruster on time will then be 
determined from the simulation
Flow rate will then be calculated using 
the flow coefficient equation
Total volume of gas is then determined by using 
the flow rate and the total thruster on time
Total volume < 10% total volume 
of gas stored in canister?
Increase the size of 
the storage canister
Total volume > 5% total volume of 
gas stored in  canister?
Decrease the size of 
the canister
Selected canister size is used for the testbed
END
Yes
No
Yes
No
 
Figure 4-16: Flow chart used in sizing the required storage canister for the testbed. 
 The current slew control algorithm with the most fuel consumed (DHC) [18] 
will be selected in order to calculate the maximum required total thruster on time. The 
flow rate of the gas needed will be calculated by using the known maximum operating 
pressure differential (MOPD) and the flow coefficient equation, as stated in the 
following Equation 4.2. For the spinner testbed, nitrogen is used as the propellant. 
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 (4.2) 
 
 The following Equation 4.3 is then used to compare the needed volume of 
nitrogen with the volume stored in the canister. This equation is used due to the 
different pressure set between the stored nitrogen and the regulated pressure used before 
the thruster valve. 
 storage
neededregulated
storage P
VP
V


 (4.3) 
 
 As stated in the flow chart, the volume of nitrogen needed is set between 5 and 
10% of the total stored gas volume. This boundary is set in order for the testbed to have 
an optimum canister size that runs at least 5-6 times of the slew experiment before 
refilling, with a margin for error of the actual thrust value produced by the thruster. The 
volume of gas needed by the modelled testbed to perform a DHC slew is calculated and 
the equivalent volume of nitrogen in the storage canister is determined. Table 4-4 shows 
all the values set and acquired by the mentioned process. 
 
Table 4-4: Values set and acquired to determine the suitable canister size 
Parameters Value set/acquired Notes 
Lambda, λ 0.196 Acquired from CAD and verified by Matlab® 
Thrust 1.08 N Calculated based on Sirai valve 
Thruster position 0 m in x-axis 0 m in y-axis 0.826 m in z-axis 
Acquired from CAD 
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Slew angle 45 degrees Maximum tilt angle by air bearing 
Initial spin rate 0.17 rad/s Random suitable value selected 
Slew control algorithm DHC Most fuel consumption [11] 
Total thruster on time 1.3144 s + 2 s Acquired from Matlab® + spin & despin time of 2 s 
Temperature 20οC @ 527.67οR Typical lab condition 
Valve Cv 0.06 Sirai valve specification [54] 
Flow rate @ 230 psi at valve 
2.30002 cubic feet / minute Calculated using equation 4.2 0.001085 cubic metre / second Converted from the above value 
Air volume needed 3597.75 cm3 Calculated using flow rate times thruster on time 
Canister pressure 1800 psi Canister specification [55] 
Equivalent volume in canister pressure 99.94 cm3 Calculated using equation 4.3 
5-10% of storage capacity 50-100 cm3 Determined earlier 
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 Once the two crucial components have been decided, the CAD design of the 
subsystem is made. The following Figure 4-17 shows the CAD of the ACS for the 
spinner testbed. 
 
Figure 4-17: CAD for the cold gas propulsion. 
4.13 Attitude determination subsystem (ADS) 
As has been mentioned in Section 4.6.2, the spinner testbed utilises the Vision System 
[38] as the attitude determination subsystem. The first step taken was to initiate the 
migration process of this system from the previous to this spinner testbed. The 
migration process started with the determination of the location for the fiducial IrLED 
markers. The following flow chart acquired from [38] is used to determine these 
locations. 
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Figure 4-18: Markers identification algorithm flowchart 
 
 By following the algorithm created by Wu et al. [38], two sets of five fiducial 
marker position vectors represented by IrLEDs have been determined. The right-hand 
rule is used to define the axis of the testbed with z-axis pointing towards Earth. The 
origin of the axis is the centre of rotation for the spherical air-bearing platform. The two 
sets of vectors can be referred to in Table 4-5 and the calculated area of triangles used 
for identifying the markers can be verified by referring to Table 4-6. 
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Table 4-5: Fiducial markers positions vector. 
Set Marker 
x-axis 
position 
y-axis 
position 
z-axis 
position 
Location 
vector 
A 
IRLED 1 135 mm -197 mm -6.5 mm [135, -197, -6.5] IRLED 2 232 mm 43 mm -6.5 mm [232, 43, -6.5] IRLED 3 -233 mm 0 mm -6.5 mm [-233, 0, -6.5] IRLED 4 0 mm 235 mm -6.5 mm [0, 235, -6.5] IRLED 5 0 mm 0 mm 1125.5 mm [0, 0, 1125.5] 
B 
IRLED 1 0 mm 234.5 mm -6.5 mm [0, 234.5, -6.5] IRLED 2 134 mm 0 mm -6.5 mm [134, 0, -6.5] IRLED 3 -232.5 mm 0 mm -6.5 mm [-232.5, 0, -6.5] IRLED 4 134 mm -194 mm -6.5 mm [134, -194, -6.5] IRLED 5 0 mm 0 mm 1125.5 mm [0, 0, 1125.5] 
 
Table 4-6: Triangles areas made by the markers. 
Set Triangle 
Area 
calculated 
Area rank 
Excluded 
marker 
A 
Δ IRLED 1, 3 and 4 661.91 cm2 1 IRLED 2 
Δ IRLED 1, 2 and 3 537.15 cm2 2 IRLED 4 
Δ IRLED 2, 3 and 4 496.28 cm2 3 IRLED 1 
Δ IRLED 1, 2 and 4 371.52 cm2 4 IRLED 3 
B 
Δ IRLED 1, 3 and 4 655.25 cm2 1 IRLED 2 
Δ IRLED 1, 2 and 3 429.72 cm2 2 IRLED 4 
Δ IRLED 2, 3 and 4 355.50 cm2 3 IRLED 1 
Δ IRLED 1, 2 and 4 129.98 cm2 4 IRLED 3 
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 The following Figure 4-19 illustrates the position of the four co-planar markers 
and the triangle areas made by the markers at the testbed. Comparing the two sets, Set B 
seems to be more distinguished in terms of the differences of the triangle area. 
However, if implemented at the hardware, the position of IrLED 2 tends to be covered 
by the prolate frame of the testbed when the platform rotates. Therefore, Set A is 
preferred and implemented. 
 
Figure 4-19: Markers and areas illustrated for both Set A and Set B. 
 After the fiducial markers are installed, the next step in implementing the 
Vision System at the spinner testbed is the calibration of the camera configuration 
matrix. In ideal conditions where the z-axis defined for the testbed is perfectly aligned 
with the z-axis of the camera used by the vision system, an additional rotation matrix is 
not needed. This is the ideal case as discussed in [38]. However, in practical 
implementation, this condition is almost impossible to be achieved. Hence, an 
additional rotation matrix is needed to define the rotation between the testbed reference 
frame and the camera reference frame. This matrix is called a camera configuration 
matrix, Rcam as identified in [38] and can be referred to in Figure 4-20. A Matlab® 
Simulink model has been developed to aid in determining this needed matrix. 
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Figure 4-20: Rcam for the spinner testbed 
 The following flowchart in Figure 4-21 shows the steps involved when 
carrying out the calibration to determine the Rcam. 
START
Camera configuration matrix, Rcam in the vision 
system is initialised to identity matrix
The attitude of the testbed is determined in terms of the yaw (rotation along y-axis) 
and the pitch (rotation along x-axis) angle using the available 2-axis inclinometer
The roll (rotation along the z-axis) angle of the testbed is acquired by rotating 
the testbed to the reference point determined as roll equal to 0 degree
The attitude acquired by the vision system is recorded at the same time as the 
reading of the inclinometer is taken with roll rotated to a reference roll of 0 degree
Both sets of attitude acquired using the inclinometer and the vision system 
are then used as the input of the readily developed Matlab® Simulink model
Rcam is then calculated by the model. The calculated Rcam will be used to change 
the initial Rcam of the vision system that has been set to identity matrix initially
Vision system is ready to be used with the new testbed provided the 
location of both the testbed and the camera have not been changed
END
 
Figure 4-21: Flowchart for calibrating the camera configuration matrix, Rcam. 
4.14 Testbed balancing 
This is the final step needed to be done to the testbed before the testing can begin. The 
balancing in the x and y axis of the testbed is done using fine balancing masses. Before 
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that, the coarse counterweights below the testbed base are lowered to make sure that the 
centre of mass (CoM) is below the centre of bearing (CoB). Once this is done, fine 
balance masses are placed along the testbed base structure and the attitude of the testbed 
is observed using the Vision System. The Vision System is observed to have the roll 
and pitch reading until 0 degree. At this stage, the testbed is balanced in the x and y 
axis. Figure 4-22 shows the locations of the fine balancing masses rendered using CAD 
software. 
 
Figure 4-22: LEFT: Platform without fine weights; RIGHT: with fine weights. 
For the z-axis balancing, the counterweights below are shifted upward every 1 mm. This 
will be stopped until the testbed is about to tilt and tumble. For the spinner testbed, the 
configuration of the counterweights is shown in Figure 4-23. The reference used is the 
length between the two small counterweights for each of the four counterweight 
holders. 
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Figure 4-23: The length to indicate the position of the counterweight for balancing 
purposes. 
 When the spinner testbed is balanced in all axes, the CAD model is updated 
and the final mass properties are noted. Figure 4-24 shows the final testbed 
configuration for the prolate mode and its mass properties, while Figure 4-25 shows the 
picture of the actual testbed. 
 
Figure 4-24: Updated testbed CAD with the corresponding mass properties. 
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Figure 4-25: Actual testbed after balanced 
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4.15 Testbed performance & validation 
4.15.1 Actual thrust measurement 
In this section, the actual thrust produced by the thruster is verified. In theory, the valve 
can produce 1.08 N of thrust when 50 psi of MOPD is applied. However, this will not 
be the case, as several external factors will influence the performance of the valve. One 
example is that the thrust can dramatically change from 1.08 N to just 0.27 N if the 
orifice size is reduced from 2 mm to 1 mm. This might be caused by the uncertainty of 
measurement when the valve is produced. 
 A simple spinning-up manoeuvre was done to the testbed in order to measure 
the performance of the thruster. The spin-up thrusters or actuators that are placed at the 
side of the prolate structure are turned on for 10 s. This will make the testbed spin and a 
plot of the angular velocity is noted from this manoeuvre. This plot can be seen in 
Figure 4-26. 
 
Figure 4-26: Testbed spin-up test velocity plot. 
 Using this plot, the angular acceleration of spin-up manoeuvre is deduced at 
1.2665 deg/s2. With the information of the MoI value acquired from the CAD software, 
the thrust produced by each thruster is calculated at 0.25 N. This value is clearly smaller 
than the theoretical value of 1.08 N. For this method of calculation, the error of 
measurement can be contributed by the Vision System accuracy and the difference 
value between the actual and the rendered MoI. According to [38], the Vision System 
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has the dynamic accuracy of 0.15 deg/s. With this accuracy, the calculated value of the 
actual thrust can vary between 0.242 N and 0.254 N, which is in the range of ±2.37% of 
the measured value. If the actual MoI is varied within ±10% of the rendered value, the 
actual thrust calculated can vary between 0.218 N and 0.280 N, which is in the range of 
±12% of the measured value. These factors are not seen as the cause of the reduced 
thrust value from 1.08 N in theory to 0.25 N by measurement. 
4.15.2 Free spin test 
Having the thrust value measured, the testbed is now set for a free spin test to see if a 
pure spin can be achieved from it. The testbed position in reference inertial (RI) frame 
will remain the same over time when it is spun for the ideal case. For the spinner 
testbed, the free spin is conducted for a period of 30 minutes and the result can be seen 
in Figure 4-27. 
 
Figure 4-27: Top view of the spin axis of the testbed during free spin. 
 The angle deviation of 3.14 degrees is observed during this test. This is 
expected, as the hardware testbed is not ideal and it is impossible to achieve a perfectly 
pure spin. Several factors are foreseen as the cause of this, such as the asymmetric shape 
of the testbed, gravity disturbance torque due to balancing and non-rigidity of the 
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testbed physical configuration. Nevertheless, this result shows a vast improvement to 
the previous testbed, whereby it can only do the free spin for 200 s before it is stopped 
to prevent it from tumbling down. For the previous testbed, the maximum angle of 
deviation achieved was 15 degrees compared to only 3.14 degrees by the spinner testbed 
[11]. 
4.15.3 Disturbance torque profile 
For this profile, the frictional torque of the air bearing is first measured. For the ideal 
condition, this frictional torque should be zero, but this is not case for the hardware 
testbed. The following plot in Figure 4-28 is used to quantify this torque. This plot is 
acquired when the testbed is observed to freely spin for 30 minutes after it has been 
spun up for 5 seconds. The angular velocity is seen to be decreasing, whereby in ideal 
conditions it should not have been due to the frictionless air bearing. 
 
Figure 4-28: Angular velocity plot for 30 minutes testbed free spin. 
 
 From the above plot, the angular velocity is reduced from 5.6 deg/s to almost 
zero in about 30 minutes. The frictional torque calculated from this Figure is 1.029 x  
10-4 N.m. 
 The gravity disturbance torque is also profiled for the spinner testbed. The 
torque is measured and calculated via the Matlab® Simulink model that has been 
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developed. This is done by simulating a pendulum motion that the testbed is capable of 
having when the z-axis of the testbed is not balanced. 
 For the current configuration, the testbed will tumble if the counterweights are 
moved 1 mm upward and this is used to assume that the offset between CoB and CoM 
is about that length. The Matlab® Simulink model acquired from [11] is used to 
calculate the maximum gravity disturbance torque along with its possible pendulum 
motion due to this offset. Figure 4-2 shows the model and the explanation of the 
function. 
 
(b) 
Figure 4-29: (a): Simulink model used to calculate the gravity disturbance torque; 
(b): the explanation of each block 
(a) (a) 
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 The angle of deviation from the equilibrium position of the testbed influences 
the gravity disturbance torque acted towards it. The following Equation 4.4 acquired 
from [11] calculates the gravity disturbance torque oscillation frequency 0  with the 
angle deviation dev  value set to have close to no influence to the testbed’s pendulum 
motion. 
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 (4.4) 
 
 Equation 5.4 is derived by assuming that the deviation angle is small enough to 
satisfy the following condition set by the following Equation 5.5. 
  sin  (4.5) 
 
 Using the developed Simulink model, the gravity disturbance torque is profiled 
for a series of deviation angles from 0 to 10 degrees. The plot in Figure 4-30 below 
shows the gravity disturbance torque of the spinner testbed within the range of the said 
deviation angle. 
 
Figure 4-30: Plot for gravity disturbance torque through a series of deviation 
angles. 
 During the free spin test carried out as mentioned in Section 4.15.2, the 
maximum deviation angle experienced by the testbed is 3.14 degrees. Therefore, the 
maximum gravity disturbance torque caused by the spinner testbed is 0.02308 N.m, 
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with an estimated period of oscillation of 29.729 s. This period of the pendulum motion 
for the spinner testbed can be referred to in Figure 4-31. Figure 4-32 shows the plot of 
the testbed attitude angular velocity during the pendulum motion for the angle deviation 
of 3.14 degrees, from which the period mentioned before is estimated. 
 
Figure 4-31: Plot for pendulum oscillation period through a series of deviation 
angles. 
 
Figure 4-32: Estimated period for the pendulum motion of the testbed. 
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 The profile of these disturbance torques is crucial as any test carried out using 
the testbed will be influenced by this. Other torque such as the one caused by the air 
drag is not significant as the testbed is arranged to minimise this effect. 
4.16 Algorithm verification via testbed 
The testbed has been tried in order to be used to run and verify the algorithms. The 
developed Simulink model for the current and the new algorithm has been uploaded to 
the targeted OBC with an additional block for spinning and de-spinning of the testbed. 
Various observations are noted during the trial run of the algorithm verification. The 
first example is the problem of connecting the host to the target hardware. These 
devices would not connect in an instant, as several restarts were needed before the 
system is operational. This has already reduced the testbed operating time and battery 
capacity. An investigation has been made by connecting the target OBC using a wired 
connection. The same problem occurred, eliminating the idea that the wireless 
connection was the possible culprit. 
 Another observation would be the response time of the valve that acts as the 
single actuator for the algorithm. As has been mentioned in [11], the response time of 
the valve is vital. For the system, there is a delay in the response time as expected 
earlier for the hardware implementation. The delay investigated is between 0.01 to 0.1 
ms. However, the delay in this range has little impact on the performance, when the 
testbed is used to run it. This is due to the longer thruster on the time needed to actuate 
the testbed. 
 Nevertheless, the testbed is yet to be able to demonstrate the current or the new 
algorithms. The impact of the gravity disturbance torque is still large, thus preventing 
any precession from happening when the thruster is turned on. HC, HC-A, DHC, DHC-
A, EHC, EHC-A and SA has been tried to be run via the testbed but the manoeuvre 
failed. As mentioned above, only a slight change of movement occurs when the thruster 
is turned on before the testbed is back to the initial attitude. 
 The thrust of the thruster has also been increased to compensate for any margin 
or disturbance torque. This is done by increasing the thruster on time through adjusting 
the set thrust limit in the Simulink model. Based on the calculated disturbance torque, 
the thrust needed to be increased to at least 0.028 N. In order to do this, the set thrust is 
not 0.25 N as the measured thrust value, but rather 0.22 N to give more resultant thrust 
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when the manoeuvre is made. However, this has not shown any improvement to the 
results. 
 The testbed is also seen as not rigid enough at the counterweight holding area. 
Due to the weight, which is relatively heavier than the rest, the holder pole tends to 
swivel slightly when the testbed is spinning. This has created an unwanted torque that is 
yet to be profiled. Although some mitigation has been carried out to the pole by adding 
an ‘S’ bracket to hold it, the swivelling still occurs and no improvement is made in 
terms of this. A sturdier holder cannot be implemented as it will increase the   value of 
the testbed, hence the ‘S’ bracket is seen as the solution. The following  shows the ‘S’ 
bracket that holds the counterweight pole. 
 
Figure 4-33: ‘S’ brackets (circled in red) holding the counterweight pole. 
 The Vision System has also encountered a minor problem due to the way the 
marker identification algorithm is described in the VIs. This bug has been fixed by 
rearranging the description of the same algorithm in the required VIs. Another 
observation that is worth noting is the type of IrLED marker used for the Vision 
System. The IrLEDs needed to have a wide angle of illumination and the 5th IrLED 
marker needed to be brighter in order for it to be recognised as the 5th using this 
algorithm. This is not a problem when a prolate configuration is tested, but will be a 
problem when a flatbed is used. For the current configuration, the 5th marker is brighter 
Inclusion of Asymmetric Properties in the Single-Thruster Open-Loop Slew Control Algorithms for Prolate 
Spinning Spacecraft 
130  Abadi Chanik - November 2017 
due to its position as it is higher than the rest and perceived by the camera as the 
brightest. 
 Currently, the spinner testbed is not yet able to demonstrate both the new and 
the current slew control algorithms. The biggest problem seen is due to the disturbance 
torque contributed by gravity and the non-rigidity of the structure. Solutions such as a 
fine automatic balancing system and a structure that can hold the counterweight firmly 
while not compromising the prolate shape of the testbed are needed. 
4.17 Lesson learned 
Every development work has constraints that needed to be addressed. For this particular 
work, one of it is the financial aspect where the optimal design that has been produced 
was not delivered due to this. As mentioned in Section 4.10, although it is said that 
lithium ion battery is selected for the design, the existing lead-acid was used. For the 
overall design, it was initially proposed to utilise the cubesat-size platform to produce a 
lighter solution in order to reduce the effect of gravity disturbance. However, due to 
financial constraint, a custom design that was larger is produced and developed. 
 A lighter solution should be implemented in the future for this work to be 
continued on ground. This is due to the effect of the gravity disturbance in a heavier 
platform is significantly larger and difficult to solve compared to a smaller one. There 
are two factors that really affect this experiment due to a larger design of the testbed. 
These factors are the platform balancing and the amount of thrust needed to actuate the 
movement. 
 Another lesson learned is the used of camera-based attitude determination 
system in a spinning testbed. As the testbed is spinning, using this method will 
sometime reduce the attitude sensing accuracy when one of the needed references is out 
of view from the camera. Using this method in a tri-axis balanced testbed would not be 
a problem as it is not moving as much as the testbed developed for this research. 
Typical gyroscope and accelerometers are recommended for this investigation to be 
conducted using the testbed in the future. 
 The testbed frame should also be made to be more rigid. In this 
implementation, it was made frame by frame for every subsystem for physical 
modularity. For future development, a single frame with the existence of designated 
space for every needed subsystem should be implemented, 
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5 CONCLUSIONS 
5.1 Achievements on the novel slew control algorithms 
The current state-of-the-art algorithms for the prolate spinner slew manoeuvre control, 
has several issues for real-time implementation in this thesis, particularly the use of a 
perfectly symmetric assumption for an asymmetric shape spinner. The new algorithms 
presented in this thesis with the consideration of this factor, show an improved result 
compared to the current counterparts. 
 These algorithms, namely half-cone algorithm with asymmetric property (HC-
A), dual half-cone algorithm with asymmetric property (DHC-A), and extended half-
cone algorithm with asymmetric property (EHC-A), have significantly increased the 
stability of the final attitude of the spacecraft after the slew manoeuvre is made. 
 Significant improvement is seen in the final residual nutation, where all new 
asymmetric algorithms reduce the magnitude of this error greatly, resulting in a more 
stable final attitude. Comparing these three new algorithms with the current state-of-the-
art, DHC-A shows the best performance where it has a better accuracy than the previous 
algorithm, with less consumption of fuel and comparable slew time. 
 Using these new algorithms, the method of assuming the spacecraft to be 
perfectly symmetric can be replaced with the new method of including the asymmetric 
factor to the overall algorithm design. With this novel method, the step of abandoning 
the other half of the transverse axis is replaced with the inclusion of its property to 
produce a better final attitude for this manoeuvre. 
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 Analytical studies have been carried out to these algorithms by comparing 
them to the current state-of-the-art algorithms. A case of an extreme asymmetric shape 
spacecraft to the common prolate spinner has been tested and the result shows 
improvement, as can be seen in Chapter 3. 
 However, as mentioned in [11], there is no single best algorithm for all 
situations. Each algorithm has its own strengths and weaknesses. The selection of which 
algorithms to use, whether it is the current state-of-the-art algorithms or the newly-
developed counterparts, depends on the condition and the requirement of that particular 
situation. This decision can be made by knowing the mission requirement such as the 
target angle, maximum slew time and the available thrust for the manoeuvre. This can 
also be made by analysing the physical property of the spacecraft through its moment of 
inertia value to know which algorithm perform better as mentioned in [11]. This has 
also been proved by some of the result simulated in Chapter 3. 
5.2 Achievements on the newly-developed testbed 
Real-time testing for the algorithm is not a straightforward process. Much uncertainty of 
the real world needs to be considered, especially when it comes to simulating 
microgravity condition on the Earth. The challenges for the testbed to verify the slew 
control algorithm are acknowledged. Nevertheless, the design and implementation of 
this particular testbed have contributed to several findings in terms of executing the 
slew control algorithms in real time. The factors such as the delay in the thruster 
response time are known, rather than doing an educated guess as previously done in the 
robustness analysis and described in [11]. 
 It is also known that, for an algorithm that depends heavily on the shape of the 
controlled body, testing via air-bearing platform poses certain challenges. The design of 
the testbed setup should include the arrangement of the counterweight. For this 
particular testbed, the counterweight is arranged in a way that the overall shape is within 
the designated limit. 
 The development of the testbed has also proven that a modular design concept 
can be implemented. Although inspired by the cubesat-like approach, the testbed 
modularity is not limited to the physical design, but also to the use of a prototyping 
software that provides another dimension of modularity in terms of reconfigurable 
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software. From this development, a concept of a modular spinner testbed is 
demonstrated and tested. 
5.3 Recommendation for future works 
Several potential works can be carried out to improve the state-of-the-art slew control 
algorithms. 
 The asymmetric properties of the prolate spinner can be included into the other 
HC-derived algorithm, the Sector Arc Slew (SAS), to create a new algorithm 
that can provide the solution for the same problem. As SAS is an HC-derived 
slew controller, the fundamental idea should be the same as the new three 
algorithms that have been described in the thesis. The attempt has been made 
within this work but the result shown was not satisfactory. Further investigation 
is needed for the asymmetric factor to be included in the SAS. 
 The inclusion of this asymmetric property can be expanded to the pulse-train 
family and the feedback-based counterpart to create a new and improved state-
of-the-art algorithms. This is not limited to the single-thruster actuation 
configuration, but also the magnetorquer actuated spacecraft, as this actuator is 
more common in the design of a low-cost spacecraft at the present time. 
 The method of providing torque through a thruster can also be improved to suit 
the algorithms. As mentioned in this thesis, the slow response time of a thruster 
will affect the performance of the algorithms. Normally for the thruster design, 
the response time will decrease when the thrust is increased. A study can be 
done on the thruster design on how to improve the response time while 
maintaining or slowing the decrease of the produced thrust in order for the 
hardware to suit the state-of-the-art algorithms. 
 The simulation tool for the state-of-the-art algorithms can also be improved. A 
pseudo-real time tool such as MD Adams [31] can be utilised further in order to 
have better simulation results. Several simulations have been made using this 
tool for the study on the effect of thruster response time and gravity that can be 
seen in Section 3.4. However, the investigation can be made further by 
simulating both the state-of-the-art and the newly proposed algorithm to 
conclude the performance. By having this study, new related real-time factors 
can be determined and, hence, used to improve the algorithms. 
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 The testbed can be improved by having a more rigid structure. This 
improvement can be made by having a single main structure rather than 
combining it frame by frame, as has been done in this implementation. The 
attitude determination system can also be improved by having additional attitude 
sensors in combination with the Vision System as mentioned in [11]. 
 The final testbed design should be measured using a spin machine in order to 
have an accurate measurement of its moment of inertia (MoI). The state-of-the-
art algorithms rely on this information, and having accurate information is 
crucial rather than obtaining it from a computer aided design (CAD) model. 
 A robust automatic balancing system is needed for the testbed. A slightly 
unbalanced structure will result in the unwanted gravity disturbance torque. As 
the testbed is spinning, this torque will not be the same over time and factoring it 
to the testbed model for algorithm verification will be hard. 
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02 – Testbed Base Adapter 
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03 – Testbed EPS Base 
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05 – Testbed EPS 3rd Tier 
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06 – Testbed EPS Top Tier 
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07 – Testbed EPS Battery Bracket 
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08 – Testbed EPS Threaded Pole 
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09 – Testbed OBC Frame 
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10 – Testbed OBC Side Detail 
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11 – Testbed WAP Frame 
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12 – Testbed WAP Bracket 
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13 –‘S’ Bracket Side A 
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14 –‘S’ Bracket Side B 
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15 –Top IrLED Holder 
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16 – Counterweight Pole 
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17 – Thruster Controller Frame 
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18 – Propulsion Subsystem 
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19 – Spherical Air Bearing SRA250-R45 
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20 – Thruster Controller PCB 
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21 – Power Distribution Unit PCB 
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Pressure Regulator datasheet 
 
 
  
Chapter 0: Appendices 
Abadi Chanik - November 2017   165 
Solenoid Valve datasheet 
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